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Organic soils account for 9% or ~225,000 ha of Sweden’s 2.5 million ha of agricultural land, 
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WRIDUPHUVLQ6ZHGHQ$VWKHSRSXODWLRQLQFUHDVHGPRUHODQGZDVUHTXLUHGIRU
IRRGSURGXFWLRQDQG WKH LQWHUHVW LQGHYHORSLQJ WKHVHRUJDQLFPDWWHUULFKVRLOV
ZDV VSDUNHG ,Q WKH V WKH 6ZHGLVK HFRQRP\ ZDV JDLQLQJ JURXQG DQG
VXEVLGLHVIRUGUDLQLQJSHDWODQGVZHUHLQWURGXFHGE\WKH6ZHGLVKJRYHUQPHQW,Q
WKH6ZHGLVK0RVV&XOWXUH$VVRFLDWLRQZDVFUHDWHG7KHPDLQJRDORIWKLV
DVVRFLDWLRQZDVWRVSUHDGUHVHDUFKEDVHGNQRZOHGJHRQWKHXVHRISHDWODQGVDV
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V,QWKHHDUO\VWKHDUHDRIFXOWLYDWHGSHDWODQGV
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/|IURWKDQGLWSHDNHGDWDURXQGKDLQ
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V %HUJOXQG  RZLQJ PDLQO\ WR LQFUHDVLQJ NQRZOHGJH RI
DJULFXOWXUDOPDQDJHPHQWSUDFWLFHVDQGLQWHQVLYHIHUWLOLVDWLRQ+RZHYHUPDQ\RI
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SURGXFWLRQWRGD\
1RZ LQ WKH VW FHQWXU\ D JUHDW GHDO RI HQYLURQPHQWDO NQRZOHGJH DQG
XQGHUVWDQGLQJKDVEHHQJDLQHGLQWHUQDWLRQDOO\UHJDUGLQJLVVXHVDULVLQJIURPWKH
FXOWLYDWLRQRIRUJDQLFVRLOV7KHVHLQFOXGHFDUERQGLR[LGHDZHOOGRFXPHQWHG
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5RMVWDF]HU DQG'HYHUHO  DSSOLFDWLRQ RI IHUWLOLVHUV
ZKLFKRQWKHVHVRLOVFDQFDXVHORVVHVRIQLWURJHQ1DQGPRVWUHOHYDQWIRUWKLV
WKHVLV SKRVSKRUXV 3 ORVVHV WR GUDLQDJH V\VWHPV DQG VXEVHTXHQWO\ VXUIDFH
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,Q6ZHGHQWKHUHKDVEHHQDOPRVWQRUHFHQWHYDOXDWLRQRIWKHDPRXQWRI3
OHDFKLQJ IURP WKH RUJDQLF VRLOV WKDW DUH VWLOO LQ DJULFXOWXUDO SURGXFWLRQ
,QYHVWLJDWLQJZKHWKHUWKHVHVRLOVSRVHDVLJQLILFDQWHQYLURQPHQWDOWKUHDWZDVWKH
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7KHRYHUDOODLPRIWKLVWKHVLVZRUNZDVWRJDLQDEHWWHUXQGHUVWDQGLQJRIKRZ
FKHPLFDO DQG SK\VLFDO SURSHUWLHV UHODWH WR WKH 3 OHDFKLQJ SRWHQWLDO RI DUDEOH
RUJDQLFVRLOVDQGZKHWKHUELRFKDUFDQEHXVHGWRUHGXFHWKHVHORVVHV
6SHFLILFREMHFWLYHVZHUHWR

x ,GHQWLI\WKHVRXUFHVRI3OHDFKLQJORVVHVLQDQDUDEOHRUJDQLFVRLOSURILOH
WKH ORDGSRWHQWLDOO\ ORVW IURPWKHVRLOSURILOH OD\HUVDQG WKHPHFKDQLVPV
EHKLQGWKHVHORVVHV3DSHU,
  -Identifying the layers from which P can be lost and the potential load 
originating from these layers can help ascertain the role of the 
topsoil/subsoil in P leaching. Suitable mitigation measures can be used 
more efficiently and effectively when the source area and P form are 
known. 
 
x 4XDQWLI\ DQG FRPSDUH OHDFKLQJ IURP RUJDQLF VRLOV ZLWK WKDW IURP
LQWHQVLYHO\IDUPHGPLQHUDOVRLOVZLWKNQRZQKLJK3OHDFKLQJULVN3DSHUV,
DQG,,, 
  - Quantification of concentrations and loads of P leached from organic 
soils at different scales and over longer periods allows for accurate 
determination of the potential threat to surface water quality. 
Utilisation of longer soil columns allows the complex P interactions 
within soil to be accounted for and soil processes important for 
accelerating P losses to be identified. Measuring P leaching from 
mineral soils, including known high-risk P leaching soils, under the 
same conditions allows for more accurate soil comparisons

x &RPSDUHODERUDWRU\DGVRUSWLRQRI3XVLQJPHWDOR[LGHFRDWHGDQGXQFRDWHG
ELRFKDU3DSHUV,,DQG,,,
  -Initial evaluation of biochar coating in the laboratory enables 
assessment of potential P adsorption by the biochar, without 
 $LPVDQG2EMHFWLYHV

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interference from environmental factors. It also allows adsorption 
potential to be compared with values from other studies. 

x (YDOXDWHHIIHFWVRIELRFKDUZLWKPHWDOR[LGHFRDWLQJVRQ3OHDFKLQJLQD
ILHOGO\VLPHWHUVWXG\3DSHUV,,DQG,,,
- On introducing variables, HJ. climate, soil characteristics and 
microbial activity, the maximum P adsorption potential of biochar may 
be considerably different. Using a more field-like scenario gives a better 
understanding of its potential in the environment in which it will be 
used. 
 
x &RPSDUH WKH HIIHFWLYHQHVV DQG HIILFLHQF\ RI SKRVSKDWH3 DGVRUSWLRQ RQ
ELRFKDULQODERUDWRU\DQGILHOGO\VLPHWHUVWXGLHV3DSHU,,
By understanding how well a biochar functions in terms of resources 
used to adsorb P, a judgement can be made on whether it is resource-
efficient, which can help in future economic comparisons against other 
mitigation measures. 



3KRVSKRUXV3LVDYLWDOPDFURQXWULHQWIRXQGLQFHOOVRIDOOOLYLQJRUJDQLVPV
ERWKDQLPDOVDQGSODQWV:LWKRXW3OLIHDVZHNQRZLWZRXOGFHDVHWRH[LVW,WLV
LPSRUWDQW LQ FURS SURGXFWLRQ IRU UHOLDEOH DQG KLJK \LHOG UHWXUQV0DQXUH RU
IHUWLOLVHU 3 LV RIWHQ DSSOLHG WRPHHW FURS GHPDQGV EXW DOVR LQ H[FHVV DV D 3
EDQNLQJVWUDWHJ\E\IDUPHUV$PLVPDWFKEHWZHHQ3VXSSO\DQGSODQWGHPDQG
UDLQIDOO VRRQ DIWHU DSSOLFDWLRQ RU HYHQ QDWXUDO VRLO SURFHVVHV FDQ FDXVH 3
OHDFKLQJ(YHQUHODWLYHO\ORZFRQFHQWUDWLRQVLQZDWHUERGLHVe.gPJ3/
'DQLHOet al.FDQOHDGWRHXWURSKLFDWLRQ(XWURSKLFDWLRQIURPWKH*UHHN
meaning ‘well nourished’) can result in enhanced growth and subsequent death 
DQG GHFRPSRVLWLRQ RI GHWULPHQWDO DOJDH DQG DTXDWLF ZHHGV IROORZHG E\
PLFURELDOGHFRPSRVLWLRQDQGDQDVVRFLDWHGGHFUHDVHLQZDWHUR[\JHQFRQWHQW
$OWKRXJKQLWURJHQ1DQGFDUERQ&DUHDOVRUHTXLUHGIRUDOJDOJURZWK3LVWKH
PDLQFRQFHUQDVLWLVUHJDUGHGDVWKHOLPLWLQJIDFWRULQIUHVKDQGEUDFNLVKZDWHU
V\VWHPVIRURUJDQLVPVVXFKDVEOXHJUHHQDOJDHZKLFKFDQIL[WKHLURZQQLWURJHQ
IURP DWPRVSKHULF QLWURJHQ JDV 6KDUSOH\ et al.  7KLV KDV IROORZRQ
LPSOLFDWLRQV LQFOXGLQJ UHGXFLQJ GULQNLQJZDWHU TXDOLW\ IRU ERWK KXPDQV DQG
DQLPDOV DQG HQGDQJHULQJ D KHDOWK\ HQYLURQPHQW IRU DTXDWLF VSHFLHV RU WKRVH
XVLQJLWIRUUHFUHDWLRQDOSXUSRVHVe.gILVKLQJDQGERDWLQJ6KDUSOH\et al.
(XWURSKLFDWLRQUHODWHGSUREOHPVDUH DZRUOGZLGHSKHQRPHQRQZLWK FDVHV
UHSRUWHGLQe.g%HOJLXP%URRNHVHWDO,UHODQG/HQQR[et al.WKH
86$6KDUSOH\et al.6ZHGHQDQG)LQODQG5HNRODLQHQet al.
,Q6ZHGHQ3ORVVHVIURPDJULFXOWXUDOVRLOVFRQWULEXWHDSSUR[LPDWHO\RI
the nation’s total anthropogenic 3ORDGVWRWKH%DOWLF6HD%UDQGWet al.
7KH %DOWLF 6HD LQ QRUWKHUQ (XURSH LV D EUDFNLVK ZDWHU ERG\ UHFHLYLQJ
HXWURSKLFDWLRQFDXVLQJ3IURPPDQ\SRLQWDQGGLIIXVHVRXUFHVIURPFRXQWULHV
DURXQGWKHFRDVWOLQH,QRUGHUWRDWWDLQJRRGHFRORJLFDOVWDWXVDVRXWOLQHGLQWKH
(XURSHDQ 8QLRQ :DWHU )UDPHZRUN 'LUHFWLYH :)' DQG PHHW &RXQWU\
$OORFDWHG 5HGXFWLRQ 7DUJHWV &$57 VSHFLILHG LQ WKH+(/&20 GHFODUDWLRQ
+(/&20DOOSRWHQWLDOGLIIXVH3VRXUFHVWRWKH%DOWLF6HDQHHGWREH
LGHQWLILHG


 ,QWURGXFWLRQ


 3KRVSKRUXVORVVHVIURP6ZHGLVKDJULFXOWXUDOVRLOV
$JULFXOWXUDOPLQHUDOVRLOVLQ6ZHGHQKDYHEHHQVWXGLHGLQWHQVLYHO\WRLGHQWLI\
WKHLUUROHLQFRQWULEXWLQJ3WRHXWURSKLFDWLRQ$WDVPDOOVFDOHVXFKVWXGLHVKDYH
LQFOXGHG WRSVRLO FROXPQVZLWK DSSOLHGPDQXUH H[SRVHG WR VLPXODWHG UDLQIDOO
/LX et al. E DQG HIIHFWV RI FDWFK FURSV RQ 3 OHDFKLQJ 5LGGOH DQG
%HUJVWU|P$WDODUJHUVFDOHILHOGO\VLPHWHUVKDYHEHHQXVHG'MRGMLFet 
al.$QGHUVVRQet al.6YDQElFNet al.,QRQHO\VLPHWHUVWXG\
RQPLQHUDOVRLOVWRWDOSKRVSKRUXVWRWDO3ORVVHVRIEHWZHHQDQG
 NJ KDZHUH UHFRUGHG RYHU D PRQWK SHULRG $QGHUVVRQ et al. 
'MRGMLFet al.UHSRUWHG3ORVVHVRIEHWZHHQDQGNJKD\ULQD
O\VLPHWHUVWXG\RQPLQHUDOVRLOV,QDVHSDUDWHILHOGSORWH[SHULPHQW6YDQElFN
et al.LGHQWLILHGORVVHVRIRQDYHUDJHNJ3KD\UIURPDKHDY\FOD\
VRLO)XUWKHUPRUHD6ZHGLVKDJULFXOWXUDOPRQLWRULQJSURJUDPPHWKDWKDVEHHQ
UHFRUGLQJGUDLQDJH IORZVDQG3FRQFHQWUDWLRQV IURP ILHOGV VLQFH WKH HDUO\
VKDVUHSRUWHG ORVVHVRIRQDYHUDJHNJ3KD\U IURPDJULFXOWXUDO
ILHOGV 'DWD +RVWLQJ $JULFXOWXUDO /DQG  2QO\ RQH RUJDQLF VRLO ZDV
PRQLWRUHG LQ WKDW SURJUDPPH DQG RYHU D \HDU SHULRG LW KDG VKRZQ
FRQFHQWUDWLRQVRIXSWRPJ3/DQGDPHDQDQQXDOORDGRINJ3KD
7R P\ NQRZOHGJH RQO\ RQH VWXG\ LQYROYLQJ RUJDQLF WRSVRLO 3 OHDFKLQJ
FRQFHQWUDWLRQVDQGORDGVKDVEHHQSXEOLVKHGLQUHFHQWWLPHVDUDLQIDOOVLPXODWRU
VWXG\E\3DUYDJHet al. 3KRVSKRUXVFRQFHQWUDWLRQVRIPJ/DQG
ORDGVRIXSWRNJ3KDZHUHPHDVXUHGDIWHUPPRIDSSOLHGUDLQIDOOLQWKDW
VWXG\ ZKLFK LQGLFDWHV WKDW RUJDQLF VRLOV KDYH WKH SRWHQWLDO WR FRQWULEXWH
VLJQLILFDQWFRQFHQWUDWLRQVDQGORDGVRI3WRVXUIDFHZDWHUV
 2UJDQLFVRLOV
2UJDQLFVRLOVDUHFODVVLILHGDV+LVWRVROVDFFRUGLQJWRWKH:RUOG5HIHUHQFH%DVH
:5%DQGDFFRXQWIRUEHWZHHQDQGPLOOLRQKDWKURXJKRXWWKHZRUOG
'ULHVVHQDQG'HFNHUV7KH\DUHJHQHUDOO\IRXQGLQERUHDOVXEDUFWLFDQG
ORZ DUFWLF UHJLRQV ZLWK PRVW ORFDWHG LQ WHPSHUDWH ORZODQG DUHDV $ VPDOO
percentage are also found in the tropics. They are internationally known as ‘peat 
soils’, ‘muck soils’, ‘bog soils’ and ‘organic soils’ 'ULHVVHQDQG'HFNHUV
,QVKRUWWREHFODVVLILHGDVD+LVWRVRODFFRUGLQJWRWKH:RUOG5HIHUHQFH%DVH
VRLOVQHHGWRKDYHDQRUJDQLFOD\HURUPRUHRUJDQLFFDUERQLQWKHILQHHDUWK
E\PDVVRIFPWKLFNQHVVRUPRUHGRZQWRLFHRUEHGURFNPDWHULDO
$OWHUQDWLYHO\LIWKHRUJDQLFPDWHULDOVWDUWVOHVVWKDQFPIURPWKHVRLOVXUIDFH
DQGIDOOVZLWKLQFPRIWKHVRLOVXUIDFHWREHFODVVLILHGDVD+LVWRVROLWKDVWR
KDYHDFRPELQHGWKLFNQHVVRIHLWKHUDJUHDWHUWKDQFPLIPRUHWKDQ


E\YROXPHRIWKHPDWHULDOFRQVLVWVRIPRVVILEUHVRUEPRUHWKDQFPLQ
RWKHUPDWHULDOV)$2
2UJDQLF VRLOV DUHTXLWHXQOLNH DQ\RWKHU VRLO W\SH LQ WKDW WKH\DUHGHULYHG
SULPDULO\IURPRUJDQLFSDUHQWPDWHULDO:LOGLQJ$VDFRQVHTXHQFHWKHLU
SK\VLFDOFKHPLFDODQGPHFKDQLFDOSURSHUWLHVGLIIHUIURPWKRVHRIPLQHUDOVRLOV
0LQHUDO WRSVRLOV XVXDOO\ KDYH DURXQG  RUJDQLFPDWWHU FRQWHQW ZKLFK LV
UHODWLYHO\ ORZ LQFRPSDULVRQZLWKRUJDQLFVRLOVZLWKPRUH WKDQRUJDQLF
PDWWHUE\ZHLJKWaRUJDQLFFDUERQ7KHVHRUJDQLFPDWWHUDFFXPXODWLRQV
RFFXU LQ DQ DQDHURELF HQYLURQPHQW WKDW PDNHV RUJDQLF PDWWHU GHJUDGDWLRQ
XQIDYRXUDEOH6XFKFRQGLWLRQVDUHW\SLFDOO\FDXVHGE\DKLJKUDLQIDOOFOLPDWH
KLJK ZDWHUWDEOH ORZ WHPSHUDWXUHV H[WUHPH DFLGLW\ RU H[WUHPH PLQHUDO
GHILFLHQFLHV
7KH DQDHURELF FRQGLWLRQV SURGXFHG LQ WKH XQGHUZDWHU HQYLURQPHQW DUH
FRQGXFLYHWRSUHVHUYDWLRQRIRUJDQLFPDWWHUWKURXJKUHGXFHGR[\JHQDYDLODELOLW\
%UDG\ DQG:HLO  7KHVH VRLOV DUH SRRUO\ GUDLQHG DQG WR EH XVHG IRU
DJULFXOWXUH UHTXLUH LQVWDOODWLRQRIVXEVXUIDFH WLOHGUDLQVRURSHQGLWFKHVRIWHQ
LQFOXGLQJSXPSLQJV\VWHPVWRKHOSUHPRYHH[FHVVZDWHU&RJJHUDQG'X[EXU\
7KLVLVWKHFDVHIRUPRVWRIWKHFXOWLYDWHGRUJDQLFVRLOVLQ6ZHGHQ
2UJDQLFVRLOV IRXQG LQ WHPSHUDWHFOLPDWHVFDQEHFODVVLILHG LQWR WZRPDLQ
types, due to their location and formation.  Soils referred to as ‘low moor peats’, 
‘topogenous peats’ or ‘fen peats’ are formed in the presence of permanent 
JURXQGZDWHU LQ ORZODQGDUHDV ,Q6ZHGHQ WKH\EHJLQZLWK VPDOOGHSUHVVLRQV
FDUYHGRXWGXULQJJODFLDWLRQSHULRGV2YHUPDQ\\HDUVDFFXPXODWLRQRIQXWULHQW
ULFKPDWHULDOIURPLQIORZLQJZDWHUVRFFXUVLQWKHGHSUHVVLRQV7KHVHPDWHULDOV
SURGXFHDQHQYLURQPHQWVXLWDEOHIRUDOJDH]RRSODQNWRQEDFWHULDDQGGLDWRPV
ZKLFKGLHDQGVLQNWRWKHERWWRP(YHQWXDOO\WKHGHSWKRIWKHZDWHUGHFUHDVHV
HQRXJKWRDOORZVXQOLJKWWRSHQHWUDWHWRWKHERWWRPRIWKHGHSUHVVLRQDOORZLQJ
JURZWKRIVXEPHUJHGZDWHUZHHGV7KLVELRPDVVFRPELQHGZLWKRWKHURUJDQLF
PDWHULDOVVHWWOHVWRWKHERWWRP0LFURELDOUHVSLUDWLRQLQFUHDVHVZKLFKJHQHUDWHV
DQDQR[LFHQYLURQPHQWWKHUHE\VWRSSLQJDQ\SURGXFWLRQRIRUJDQLFPDWWHU$W
WKLV VWDJH RWKHU SODQWV e.g UXVKHV Scirpus VSS DQG VHGJHV Carex VSS
colonise the water’s edge. Organic matter from these plants then accumulates in
WKHGHSUHVVLRQ VORZO\ILOOLQJ LW WR WKHVXUIDFH7KHRUJDQLFPDWWHU LVR[\JHQ
GHSULYHGDQGDOPRVWDOOQXWULHQWVDUHUHPRYHGE\WKHSODQWVOHDYLQJDQXWULHQW
SRRUVXEVWUDWH(YHQWXDOO\ODUJHUSODQWVFRORQLVHWKHVXUURXQGLQJDUHDLQFOXGLQJ
DOGHU Alnus VSS ODWH VSUXFH Picea VSS DQGZLOORZ Salix VSS :LOGLQJ
 (YDSRWUDQVSLUDWLRQ FDXVHV ZDWHU UHPRYDO IURP WKH RUJDQLFULFK VRLOV
OHDYLQJ KDELWDWV VXLWDEOH IRU VKDGHWROHUDQW PRVVHV OLFKHQV DQG IHUQV /LWWOH
DGGLWLRQDORUJDQLFPDWWHULVDGGHGWRWKHV\VWHPIURPWKHWUHHVLQFRPSDULVRQ


ZLWKWKHUXVKHVDQGVHGJHV7KHVHVRLOVVWD\LQVXFKDVWDWHXQWLOGLVWXUEHGHLWKHU
QDWXUDOO\RUYLDKXPDQLQWHUIHUHQFH
Organic soils referred to as ‘high moor peats’, ‘bog peats’ or ‘ombrotrophic 
peats’ are typically found iQ XSODQG DUHDV 7KH\ DUH IRUPHG IURP DFLGLF
Sphagnum VSS PRVV WKDW RQO\ REWDLQV ZDWHU IURP SUHFLSLWDWLRQ 0LFURELDO
DFWLYLW\ LV UHWDUGHGGXH WRVHYHUHDFLGLW\RURUJDQLF WR[LQVSUHVHQW LQ WKHVRLO
7KHVH QXWULHQWSRRU VRLOV KDYH YHU\ OLPLWHG DJULFXOWXUDO VLJQLILFDQFH LQPRVW
SDUWVRIWKHZRUOGWRGD\DQGPRVWKDYHEHHQDEDQGRQHGIRUDJULFXOWXUDOXVHLQ
6ZHGHQ%HUJOXQG
 &XOWLYDWHGRUJDQLFVRLOV
2UJDQLFVRLOVDUHYHU\SRURXVZLWKORZEXONGHQVLW\RIEHWZHHQDQGJ
FP %UDG\ DQG:HLO  LQ FRPSDULVRQZLWK W\SLFDO VDQGWH[WXUHG VRLOV
JFPRUFOD\VRLOVJFP$QGHUVVRQet al.7KLVORZ
EXONGHQVLW\UHVXOWVLQDQRIWHQIDYRXUDEOHKLJKZDWHUKROGLQJFDSDFLW\:KLOH
PLQHUDOVRLOVFDQKROGRIWKHLUGU\ZHLJKWLQZDWHUDFXOWLYDWHGRUJDQLF
VRLOFDQKROGDPDVVRIZDWHUHTXDOWRWLPHVLWVGU\ZHLJKW2UJDQLFVRLOVDUH
HDVLO\FXOWLYDWHGDQGWRJHWKHUZLWKWKHHDVHRIKDUYHVWLQJURRWFURSVWKLVPDNHV
WKHPGHVLUDEOHIRUJURZHUVRIe.gSRWDWRHVSolanum tuberosum/DQGFDUURWV
Daucus carota / +RZHYHU LQ WKHLU XQWRXFKHG VWDWH VRLOV GHYHORSHG IURP
RUJDQLFPDWWHUDUHW\SLFDOO\ORZLQ3LQFRPSDULVRQZLWKPLQHUDOVRLOV&RJJHU
DQG'X[EXU\7KHUHIRUHRQFHGUDLQHG ODUJHTXDQWLWLHVRIPDQXUHDQG
PLQHUDOIHUWLOLVHUVDUHW\SLFDOO\DSSOLHG/LPLQJLVDOVRFRPPRQRQWKHVHDFLGLF
VRLOVWRLQFUHDVHWKHS+WRDPRUHDJURQRPLFDOO\RSWLPDOOHYHO,QFUHDVLQJVRLO
S+DQGXVHRIDQ LQWHQVLYHFXOWLYDWLRQ UHJLPHVWLPXODWHVRLOPLFURRUJDQLVPV
GXH WR LQFUHDVHG R[\JHQ OHYHOV 6Q\GHU DQG0RUDFH  ZKLFK OHDGV WR
RUJDQLF PDWWHU R[LGDWLRQ 7RJHWKHU ZLWK KLJK IHUWLOLVHU DSSOLFDWLRQV WKLV FDQ
SRWHQWLDOO\UHOHDVHSUREOHPDWLFFRQFHQWUDWLRQVRI3WRVXUIDFHZDWHUV&KDUGRQ
DQG6FKRXPDQV
Organic soils account for 9% (~225,000 ha) of Sweden’s 2.5 million ha of 
DJULFXOWXUDOODQG%HUJOXQGDQG%HUJOXQG/XQGEODG7KLVLQFOXGHV
DPL[WXUHRIDUDEOHODQGSDVWXUHDQGZHWODQGV$URXQGRUKDRI
WKHDJULFXOWXUDORUJDQLFVRLOVLQ6ZHGHQDUHFXUUHQWO\LQDUDEOHXVH/XQGEODG
 ,QWHUQDWLRQDO UHVHDUFK KDV LGHQWLILHG WKDW RUJDQLF DUDEOH VRLOV KDYH WKH
SRWHQWLDOWRFRQWULEXWHVLJQLILFDQWO\WRHXWURSKLFDWLRQ+RUWHQVWLQHDQG)RUEHV
 5HGG\  0DUWLQ et al.  &KDUGRQ DQG 6FKRXPDQV 
6LPPRQGVet al.


 6RLOSKRVSKRUXV
7KHQDWXUDO3FRQWHQWLQVRLOLVLQLWLDOO\UHODWHGWRWKHSDUHQWPDWHULDO,QPLQHUDO
VRLOVIRUH[DPSOHZHDWKHULQJRIDSDWLWHLVRQHRIWKHPRVWFRPPRQVRXUFHVRI
SKRVSKDWH+RZHYHULQWKHFDVHRIRUJDQLFVRLOVGHFRPSRVHGSODQWPDWHULDOFDQ
EHUHODWLYHO\ORZLQ3ZKLFKLVZK\FXOWLYDWHGRUJDQLFVRLOVWHQGWRUHTXLUHKHDY\
IHUWLOLVDWLRQUDWHVLQRUGHUWREHSURGXFWLYH
3KRVSKRUXV DSSOLHG DV D PLQHUDO IHUWLOLVHU RU PDQXUH LV LQLWLDOO\ SODQW
DYDLODEOHWRDKLJKGHJUHHe.gDVRUWKRSKRVSKRULFDFLGLQWKHIRUP+32RU
+32 DW S+  ,Q WKLV WKHVLV WKH SODQW DYDLODEOHOHDFKDEOH3 IRUP LV
UHIHUUHGWRDVSKRVSKDWH3,IQRWWDNHQXSE\SODQWVDVVROXEOH3LWFDQEHVRUEHG
WRDOXPLQLXP$ORULURQ)HK\GUR[LGHVFOD\VXUIDFHVRUWRRUJDQLFPDWWHU
$OWHUQDWLYHO\LWFDQEHSUHFLSLWDWHGDVVHFRQGDU\3PLQHUDOVVXFKDVLURQ)H
DOXPLQLXP$ORUFDOFLXP&DSKRVSKDWHVLPPRELOLVHGWKURXJKXSWDNHE\VRLO
PLFURRUJDQLVPVRUOHDFKHGWKURXJKWKHVRLOSURILOH)LJ7KHVHSURFHVVHVDUH
GHSHQGHQW RQ WKH VRLO SK\VLFRFKHPLFDO SURFHVVHV RI VRUSWLRQGHVRUSWLRQ
SUHFLSLWDWLRQGLVVROXWLRQ DQG LPPRELOLVDWLRQPLQHUDOLVDWLRQ %QHPDQQet al.
 )LJ'HVRUSWLRQGLVVROXWLRQDQGPLQHUDOLVDWLRQSURFHVVHV W\SLFDOO\
FRQWUROPRELOLVDWLRQRI3DQGDUHGHSHQGHQWRQVRLO3FRQWHQWJHQHUDOFOLPDWH
FRQGLWLRQV VRLO ZDWHU FRQWHQW VRLO S+ FRQFHQWUDWLRQV RI )H $O R[LGHV DQG
K\GUR[LGHV&D&XLDQG:HQJ)LQNet al*pUDUG%XOPHU
et alFOD\PLQHUDOV+ROIRUGDQGRUJDQLFPDWWHUFRQWHQW
2UJDQLFPDWWHUKDVEHHQIRXQGWRFRPSHWHZLWK3IRUVRUSWLRQVLWHVDOWKRXJK
QRW WKURXJK GLUHFW VRUSWLRQ ZLWK SKRVSKRUXV LWVHOI 0F'RZHOO DQG &RQGURQ
 7KLV KDV DOVR EHHQ QRWHG LQ RUJDQLFULFK VRLOVZLWK QRQFU\VWDOOLQH RU
RUJDQLFDOO\ERXQG$ODQG)H.DQJet al,QVWHDGIRUPDWLRQRIPHWDO
RUJDQLFPDWWHUFRPSOH[HVLVSURSRVHGWRSURYLGH3VRUSWLRQVLWHV0F'RZHOODQG
&RQGURQ0RUHRYHU*HUNHDQG+HUPDQQ IRXQG WKDWSKRVSKDWH
VRUSWLRQLQ)HKXPLFPL[WXUHVLVXSWRVHYHQIROGJUHDWHUWKDQLQDPRUSKRXV)H
R[LGHDQGVXJJHVWHGWKDWWKLVPD\EHGXHWRWKHIRUPDWLRQRIFRPSOH[HVEHWZHHQ
WKH )HKXPLF VXEVWDQFHV DQG SKRVSKDWH $ UHGXFWLRQ LQ 3 VRUSWLRQ LQ WKH
SUHVHQFHRIGLVVROYHGRUJDQLFFDUERQ'2&KDVDOVREHHQIRXQGLQWKHSUHVHQFH
RI D ORZ LRQLF VWUHQJWK PHGLXP *LHVOHU et al.  DJDLQ VXJJHVWLQJ
FRPSHWLWLRQEHWZHHQ3DQGRUJDQLFPDWWHUVXEVWDQFHV


3KRVSKRUXVUHOHDVHLQVRLOVDQGHVSHFLDOO\RUJDQLFVRLOVLVSRVVLEOHWKURXJK
UHGXFWLYHGLVVROXWLRQRI)H,,,K\GUR[LGHVUHVXOWLQJLQUHOHDVHRI)H,,DQG
DGVRUEHG3LQWRVROXWLRQ36FKRXPDQVDQG*URHQHQGLMN6KHQNHUet al.
.MDHUJDDUGet al.'UDLQHGRUJDQLFVRLOVRIWHQUHTXLUHFRQVWDQWZDWHU
UHPRYDOYLDDV\VWHPRILQVWDOOHGDUWLILFLDOGUDLQVDQGSXPSV)DUPHUVPD\RSW
WRWXUQRIISXPSVGXULQJWKHQRQFURSSLQJZLQWHUSHULRGWRVDYHRQHOHFWULFLW\
FRVWV7KLVUHVXOWVLQDZDWHUVDWXUDWHGVRLOZLWKDIOXVKRI3LQGUDLQDJHZDWHU
ZKHQ WKH SXPSV DUH VZLWFKHG RQ DJDLQ LQ WKH IROORZLQJ VSULQJ )ORRGLQJ RI
RUJDQLFVRLOVKDVEHHQVKRZQWRLQFUHDVH3FRQFHQWUDWLRQVLQGUDLQDJHZDWHUE\
EHWZHHQ  DQG IROG WKH OHYHO LQ FRQWLQXRXVO\ GUDLQHG FRQGLWLRQV 5HGG\

Figure 1.7KHSKRVSKRUXVF\FOHFRXUWHV\RIWKH,QWHUQDWLRQDO3ODQW1XWULWLRQ,QVWLWXWH,31,



 '\QDPLFVRISKRVSKRUXVOHDFKLQJLQVRLO
$FRPSDULVRQRIUDLVHGERJSHDWVRLOVDQGPLQHUDOVRLOVE\.XQW]HDQG6FKHIIHU
UHYHDOHGWKDW3ORVVHVWKURXJKOHDFKLQJZHUHWRIROGKLJKHUIURP
WKHSHDWVRLOVZKLFKWKRVHDXWKRUVDWWULEXWHGWRIDVWPRYHPHQWRIZDWHUVROXEOH
SKRVSKDWHVWKURXJKWKHSURILOH+RUWHQVWLQHDQG)RUEHVFRQFOXGHGIURP
VWXGLHVRIVHYHUDORUJDQLFVRLOVLQ)ORULGDWKDWVRLOVXQGHUQDWXUDOZDWHUVDWXUDWHG
i.eVZDPS\FRQGLWLRQVZHUHORZLQRUWKRSKRVSKDWHZLWKYDOXHVRIDQG
PJ3/DWDQGFPGHSWKVUHVSHFWLYHO\,QFRPSDULVRQFPVRLO
VROXWLRQ VDPSOHV IURP QHZO\ GUDLQHG VZDPSV VKRZHG IROG PRUH
RUWKRSKRVSKDWHWKDQWKHQDWXUDOFRQGLWLRQV+RUWHQVWLQHDQG)RUEHVDOVR
IRXQGWKDWORVVHVRI3IURPFXOWLYDWHGRUJDQLFVRLOVRYHUD\HDUSHULRGZHUH
KLJKHVWIURPFPGHHSVRLOVROXWLRQVDPSOHVDQGFRQVLGHUDEO\ORZHUIURP
DQG FP VDPSOHV +RZHYHU OHDFKDWH IURP FP VDPSOHV WKDW KDG EHHQ
IHUWLOLVHG DW WZLFH WKH QRUPDO UDWH ZDV IRXQG WR KDYH D QRWLFHDEO\ KLJKHU 3
FRQFHQWUDWLRQ+RUWHQVWLQH	)RUEHV,QDQRWKHULQGRRUVWXG\XVLQJ
FPO\VLPHWHUV/DUVHQet al.IRXQGWKDWODEHOOHG3PRYHGFPGRZQWKH
SURILOHRIFP LQGRRUPLQHUDO VRLO O\VLPHWHUV DIWHU DSSOLFDWLRQRIFPRI
ZDWHUZKLOHLWPRYHGFPGRZQWKHSURILOHRIWZRGLIIHUHQWRUJDQLFVRLOV7KLV
ZDVUHODWHGWRWKHDPRXQWRIVHVTXLR[LGHVe.g$O2)H2SUHVHQWLQWKHVRLOV
ZLWKFRQVLGHUDEO\OHVVEHLQJIRXQGLQWKHSHDWVRLOVVXJJHVWLQJJUHDWHUSRWHQWLDO
ORVVHVRI3IURPRUJDQLFVRLOV&RJJHUDQG'X[EXU\FRPSDUHGDQQXDO3
GUDLQDJH ORVVHV IURPHLJKWGLIIHUHQWRUJDQLF VRLOV DQG IRXQG WKDW WKH\ UDQJHG
IURPWRNJKD\U6HYHUDORWKHUDXWKRUVKDYHDOVRIRXQGWKDWFXOWLYDWHG
RUJDQLFVRLOVFRQWULEXWHWRHXWURSKLFDWLRQRIVXUIDFHDQGVXEVXUIDFHZDWHUV6LPV
et al e.g. LQ WKH FDVH RI WKH)ORULGD(YHUJODGHV 3RUWHU DQG6DQFKH]
DQG/DNH2QWDULR/RQJDEXFFRDQG5DIIHUW\
3KRVSKRUXVIORZSDWKZD\VDUHDOVRFUXFLDO LQGHWHUPLQLQJ3ORVVHVIURPD
VRLO2QHUHFRJQLVHGDQGZHOOUHVHDUFKHGSDWKZD\LVOHDFKLQJRI3WKURXJKWKH
VRLOSURILOH/HDFKLQJHYHQWVRFFXUZKHQPRELOH3LQWKHVRLOVROXWLRQLVUHORFDWHG
E\ZDWHUPRYLQJGRZQSDVWWKHURRW]RQHUHQGHULQJWKH3XQXVDEOHE\SODQWV
'RZQLH2QFHSDVWWKLV]RQHQXWULHQWVDUHIUHHWREHOHDFKHGRXWRIWKH
VRLO V\VWHPFRPSOHWHO\ DQG VXEVHTXHQWO\ LQWR VXUIDFHZDWHUERGLHV RIWHQYLD
DUWLILFLDO VXEVXUIDFH GUDLQV 7KLV OHDFKLQJ SURFHVV FDQ EH DIIHFWHG E\ WKH
SUHVHQFHRUDEVHQFHRISUHIHUHQWLDOIORZSDWKZD\VFRPPRQO\FDXVHGE\SODQW
URRWVZRUPFKDQQHOVDQGVRLOILVVXUHVZKLFKRIWHQRFFXULQFOD\WH[WXUHGVRLOV
-DUYLV
&ULWLFDOVRLOPRLVWXUHFRQWHQWZDVXVHGE\+HZHONHet al.WRSUHGLFW
SUHIHUHQWLDOIORZLQSHDWDQGGHJUDGHGSHDWPXFNVRLOV7KHGHJUDGDWLRQRISHDW
LPSURYHV LWV ZHWWDELOLW\ DQG FRQYHUVHO\ WKH XQGHJUDGHG SHDW LV PXFKPRUH
K\GURSKRELF +HZHONH et al.  FRQFOXGHG WKDW H[WHQGHG SHULRGV RI GU\


ZHDWKHUIROORZHGE\KHDY\UDLQDUHFRQGXFLYHWRSUHIHUHQWLDOIORZRIZDWHULQ
WKHVHVRLOV$SRWDVVLXPEURPLGHWUDFHUH[SHULPHQWFDUULHGRXWRQDSHDWVRLOLQ
6RPHUVHW8.SURYLGHGLQGLFDWLRQVWKDWSUHIHUHQWLDOIORZZDVRFFXUULQJ%DLUG
DQG*DIIQH\,QRUJDQLFVRLOVSUHIHUHQWLDOIORZFDQRFFXUZKHQWKHVRLO
GULHVUHVXOWLQJLQK\GURSKRELFLW\DQGVKULQNDJHFUDFNV6FKZlU]HOet al
)DVWHU WUDQVSRUW E\SDVVLQJ WKH VRLO PDWUL[ %HUJVWU|P DQG 6KLUPRKDPPDGL
(GZDUGVet al.DOVRUHGXFHVFRQWDFWZLWKSRWHQWLDO3VRUSWLRQVLWHV
+HFNUDWKet al.6LPDUGet al.UHVXOWLQJLQLQFUHDVHGOHDFKLQJRI3
2UJDQLF VRLOV W\SLFDOO\KDYHD ORZDQLRQVRUSWLRQFDSDFLW\GXH WRD ORZHU
DEXQGDQFHRIPLQHUDOPDWHULDOFRQWDLQLQJ3VRUELQJPHWDOR[LGHV =DNet al.
7KLVVRUSWLRQFDSDFLW\LVSRWHQWLDOO\GHFUHDVHGE\WKHSUHVHQFHRIRUJDQLF
DQLRQVSURGXFHGGXULQJWKHPLQHUDOLVDWLRQRIDGGHGRUJDQLFPDWWHU&DVVRQet 
al.ZKLFKPD\FRPSHWHZLWKSKRVSKDWH3IRUVRUSWLRQVLWHV*Xet al.
+LQVLQJHU7KLVRFFXUVGXHWRRUJDQLFDFLGVW\SLFDOO\FDUER[\ODQG
K\GUR[\O IXQFWLRQDO JURXSV RI KXPLF DQG IXOYLF DFLGV WKDW IRUP YHU\ VWDEOH
FRPSOH[HV ZLWK PDQ\ PHWDO FDWLRQV RU K\GUR[\ PHWDO FDWLRQV ZLWK WKH
FRPSOH[DWLRQVWUHQJWKGHFOLQLQJLQWKHRUGHU)H!$O!3E!&D!0Q
!0J*Xet al.
&XOWLYDWHGRUJDQLFVRLOVKDYHEHHQUHFRJQLVHGDVDSRWHQWLDOHQYLURQPHQWDO
SUREOHP GXH WR WKHLU UHOHDVH RI FDUERQ GLR[LGH &2 IURP RUJDQLF PDWWHU
R[LGDWLRQDQG3UHOHDVHDIWHUIHUWLOLVDWLRQRYHUPDQ\\HDUV+RZHYHU LQVRPH
FDVHVRUJDQLFVRLOVKDYHQRZEHHQUHYHUWHGEDFNWRWKHLUQDWXUDOIORRGHGVWDWH
6Q\GHUet al.7KHSURFHVVZKHUHE\3LVUHOHDVHGLVJHQHUDOO\XQGHUVWRRG
WR EH GXH WR UHGXFWLYH GLVVROXWLRQ RI )H ERXQG WR 3 2[LGDWLRQUHGXFWLRQ
UHDFWLRQVLQVRLOVDUHPDLQO\FRQWUROOHGE\PLFURELDODFWLYLW\ZKHUHGXULQJWKH
UHVSLUDWLRQ SURFHVV RUJDQRKHWHURWURSKLF RUJDQLVPV XVH RUJDQLF VXEVWDQFHV DV
ERWKFDUERQVRXUFHVDQGHOHFWURQGRQRUV&UDIW7KHSUHIHUUHGHOHFWURQ
DFFHSWRULVR[\JHQEXWRQFHLWLVFRQVXPHGRWKHUHOHFWURQDFFHSWRUVFDQEHXVHG
120Q2)H2+62DQG&2LQWKDWRUGHU%RUFKet al.$VD
FRQVHTXHQFHXQGHUDQR[LFFRQGLWLRQV)H,,,LVUHGXFHGE\PLFURRUJDQLVPVWR
)H,,ZKLFKLVPRUHPRELOHDQGOHVVOLNHO\WRDGVRUESKRVSKDWH.MDHUJDDUGet 
alIRXQGWKDWDQR[LFFRQGLWLRQVLQFUHDVHGWRWDO3UHOHDVHIURPDSHDWVRLO
DQG WKDW WKH UDWHRI UHOHDVH LQFUHDVHGVXEVWDQWLDOO\PRUHZLWK LQFUHDVHGZDWHU
IORZUDWH0HLVVQHUet al.IRXQGWKDWWKH3FRQFHQWUDWLRQGRXEOHGIURP
 WR  PJ 3 / DIWHU RQH PRQWK RI DQ LQFXEDWLRQZDWHU VDWXUDWLRQ
H[SHULPHQW XVLQJ IHQ SHDW VRLOV ,Q D VLPLODU VWXG\ XVLQJ FP ORQJ VRLO
FROXPQVLQDGD\LQFXEDWLRQH[SHULPHQW0HLVVQHUet al.DOVRIRXQG
WKDWVROXEOHUHDFWLYH3ORVVHVLQFUHDVHGIURPWRPJ/XQGHUGLIIHUHQW
WHPSHUDWXUH WUHDWPHQWV RI  DQG  & UHVSHFWLYHO\'XULQJ WKLV WLPH WKRVH


DXWKRUVQRWHG WKH3 LQFUHDVH VWDUWHG FRQFXUUHQWO\ZLWK WKH UHGXFWLRQ LQ UHGR[
SRWHQWLDODQGWKHLQFUHDVHLQ)H,,FRQFHQWUDWLRQLQVROXWLRQ
 3UHGLFWLQJSKRVSKRUXVOHDFKLQJIURPVRLO
6RLO 3 WHVWV DUH JHQHUDOO\ XVHG DV LQGLFDWRUV RI SODQWDYDLODEOH 3 ZKLFK LV
HVVHQWLDO LQIRUPDWLRQ IRU WDUJHWLQJ RSWLPXP FURS \LHOGV 'HSHQGLQJ RQ WKH
FRXQWU\RIUHVLGHQFHGLIIHUHQWVRLODQDO\VLVPHWKRGVDUHXVHGWRHVWLPDWHSODQW
DYDLODEOH 3 7KH FDOFLXPDFHWDWHODFWDWH &$/ H[WUDFWDQW 6FKOOHU  LV
XVHGLQURXWLQHVRLOWHVWLQJLQ$XVWULDDQG*HUPDQ\ZKLOH0HKOLFK0HKOLFK
 LV XVHG LQ WKH &]HFK 5HSXEOLF DQG LQ PRVW RI &DQDGD DQG WKH 86$
'HQPDUN VRPH VWDWHV LQ WKH86$ WKH8. DQG1HZ=HDODQG XVH WKH2OVHQ
H[WUDFWWHVW2OVHQet al,Q6ZHGHQLWLVFRPPRQWRXVHWKHDPPRQLXP
DFHWDWHODFWDWH WHVW 3$/ ZKLFK LV PRUH VXLWHG WR DFLGLF VRLOV ZLWK DQ
H[WUDFWLRQS+RI6L[3$/FODVVHVDUHGHILQHGLQ6ZHGHQ,,,
,,,,9D,9E9!PJNJZLWK,,,EHLQJDQ
DJURQRPLFRSWLPXPDQG,9DQG9EHLQJDWULVNRI3ORVVHV
,QDQDWWHPSWWRSUHGLFWWKHDELOLW\RIDVRLOWROHDFK3VRLO3WHVWVKDYHEHHQ
FRUUHODWHGWROHDFKDWHORVVHV+RZHYHUUHODWLRQVKLSVEHWZHHQVRLOWHVW3YDOXHV
DQGOHDFKDWH3FRQFHQWUDWLRQVRUORVVHVDUHRIWHQSRRUVLQFHWHVWYDOXHVGRQRW
DFFRXQW IRU LQIRUPDWLRQ RQ IORZ SDWKZD\V WKURXJK WKH VRLO DQG VRUSWLRQ
FKDUDFWHULVWLFV %|UOLQJ et al.  'MRGMLF et al.  7KH VDWXUDWLRQ RI
SRWHQWLDO 3 ELQGLQJ VLWHV LQ D VRLO LV FDOFXODWHG DV WKH GHJUHH RI 3 VDWXUDWLRQ
'36 9DQ GHU =HH DQG YDQ 5LHPVGLMN  XVHG R[DODWHH[WUDFWDEOH )H
)HR[$O$OR[DQG33R[IURPDFLGVDQG\VRLOVWRLGHQWLI\WKHSURSRUWLRQRI
ELQGLQJ VLWHV RFFXSLHG E\ 3 ZKLFK LQGLFDWHV SRWHQWLDO VRLO 3 GHVRUEDELOLW\
%HDXFKHPLQet al.7KLVDSSURDFKKDVDOVREHHQWHVWHGLQRUJDQLFVRLOV
ZLWKVRPHVXFFHVV/LWDRUet al.$VRLOZLWKORZ'36LVXVXDOO\OHVVOLNHO\
WRVXIIHUODUJH3OHDFKLQJORVVHVWKDQDVRLOZLWKKLJK'36,QPRUHDFLGLFVRLOV
WKHLQWHUDFWLRQRI3ZLWKDYDLODEOHVRUSWLRQVLWHVe.g$ODQG)HK\GUR[LGHVLV
LPSRUWDQW ,QQHXWUDO DQG DONDOLQH VRLOV UHDFWLRQVZLWK&D DUHPRUH FRPPRQ
%UHHXZVPDDQG6LOYD,QQRQFDOFDUHRXVVDQG\VRLOVVHYHUDOYDULDQWVRI
WKH3 VDWXUDWLRQ FDSDFLW\ LQGH[KDYH EHHQ VXJJHVWHG WR GHWHUPLQH3 OHDFKLQJ
SRWHQWLDO YDQ GHU =HH DQG YDQ 5LHPVGLMN  6FKRXPDQV DQG &KDUGRQ
:KHQ D '36 YDOXH LV FDOFXODWHG LW LV WKHQ FRPSDUHG DJDLQVW D '36
WKUHVKROG YDOXH DERYH ZKLFK OHDFKLQJ LV VXEVWDQWLDOO\ DQG QRQOLQHDUO\
LQFUHDVHG7KLVWKUHVKROGYDOXHFDQEHGHWHUPLQHGEDVHGRQVRUSWLRQGHVRUSWLRQ
H[SHULPHQWV,QDWDEOHFRPSOLHGE\%HDXFKHPLQDQG6LPDUGRIWKUHVKROG
YDOXHVSXEOLVKHGEHWZHHQWRVHYHUDOVWXGLHVXWLOLVLQJWKHVDPH'36
FDOFXODWLRQZLWKDFLGLFVRLOVUHSRUWYDOXHVEHWZHHQDQG


 %LRFKDUDVDVWUDWHJ\WRPLWLJDWHSKRVSKRUXVORVVHV
,I FXOWLYDWHG RUJDQLF VRLOV KDYH WKH SRWHQWLDO WR OHDFK ODUJH DPRXQWV RI 3 WR
VXUIDFH ZDWHUV FDXVLQJ HXWURSKLFDWLRQ PLWLJDWLRQ PHDVXUHV WR UHGXFH VXFK
ORVVHVDUHQHFHVVDU\7REHHIIHFWLYHDPLWLJDWLRQVWUDWHJ\PXVWEHPDWFKHGWR
WKHVSHFLILFFKDUDFWHULVWLFVRIWKHVRLODQGIRUPRI3UHOHDVHG
0RVWFXUUHQWPLWLJDWLRQPHDVXUHVHPSOR\HGLQDJULFXOWXUDOILHOGVDUHEDVHG
RQUHPRYLQJ3DIWHU LWKDVOHIW WKHVRLOV\VWHP WKURXJKe.g WZRVWDJHGLWFKHV
UHGXFLQJGUDLQDJHZDWHUYHORFLW\DQGWKHUHIRUHLQFUHDVLQJVHGLPHQWVHWWOLQJWLPH
0DKOet al.FRQVWUXFWHGZHWODQGVZKLFK IXQFWLRQ LQDVLPLODUPDQQHU
.\QNDDQQLHPLet al.EXIIHUVWULSVZKLFKUHGXFHRYHUODQGVHGLPHQWIORZ
2VERUQHDQG.RYDFLFetc6WUXFWXUDOOLPLQJXVLQJFDOFLXPR[LGH&D2
KDVEHHQLQGLFDWHGWREHHIIHFWLYHLQUHGXFLQJSDUWLFXODWHSKRVSKRUXV33ORVVHV
IURPFOD\ILHOGVE\E\UHGXFLQJFOD\GLVSHUVLRQ6YDQElFNet al.
/LPLQJFDQDOVRUHGXFHVXUIDFHZDWHUSRQGLQJE\LPSURYLQJZDWHULQILOWUDWLRQ
LQWRWKHVRLOPDWUL[DQGWKHUHIRUHUHGXFHPDFURSRUHIORZRIZDWHUDQGVROXWHV
-DUYLV+RZHYHULQFRUSRUDWLRQRIOLPHLQWRWKHWRSVRLOFDQDOVRGHFUHDVH
SKRVSKDWH3DYDLODELOLW\WRSODQWVE\FDXVLQJDYDLODEOH3WRSUHFLSLWDWHZLWKRU
EHFRVRUEHGWRFDOFLXP0XUSK\DQG6WHYHQV
2QFHLWKDVHQWHUHG WKHVRLOGXH WRRYHUDSSOLFDWLRQRIPLQHUDORUPDQXUH
IHUWLOLVHUH[FHVV3QRWXWLOLVHGE\SODQWVLVDWWKHPHUF\RIWKHVRLOV\VWHPDVWR
ZKHWKHU LW LV OHDFKHG RXW RU ERXQG ZLWKLQ WKH VRLO ,Q 6ZHGHQ WKH IRUPHU
JHQHUDOO\ HQWDLOV OHDFKDWH SDVVLQJ YLD DUWLILFLDO GUDLQDJH V\VWHPV LQWR VXUIDFH
ZDWHUV%\LQWHUFHSWLQJSKRVSKDWHLQOHDFKDWHIURPILHOGVWKURXJKXVHRIDILOWHU
SODFHGLQEHWZHHQWKH3VRXUFHDQGGUDLQDJHV\VWHPWKHVHORVVHVFDQSRWHQWLDOO\
EHUHGXFHG7KHUHIRUHRQHVXJJHVWLRQLVWRSODFHDOD\HURIDGVRUSWLYHPDWHULDO
e.gELRFKDUEHORZWKHWRSVRLOLQRUGHUWRLQWHUFHSW3LQOHDFKDWHEHIRUHLWLVORVW
WRWKHGUDLQDJHV\VWHP
:KHQ WKH IHHGVWRFN XVHG LQ ELRFKDU SURGXFWLRQ LV ZRRG WKH ELRFKDU
SURGXFHGLVLQIDFWEDUEHTXHFKDUFRDO+RZHYHUDQ\RUJDQLFIHHGVWRFNPDWHULDO
FDQEHXVHGWRPDNHELRFKDUe.gZKHDWVWUDZPDL]HOHDYHVRUPDQXUH:KHQ
S\URO\VHGi.eLQFRPSOHWHO\FRPEXVWHGLQWKHDEVHQFHRIR[\JHQ&KHQet al.
WKLVRUJDQLFPDWHULDOEHFRPHVELRFKDU
7KHVRLOUHODWHGEHQHILWVRIELRFKDUZHUHGLVFRYHUHGWKRXVDQGVRI\HDUVDJR
LQWKH$PD]RQE\IDUPHUVFUHDWLQJVRLOVNQRZQWRGD\DVterra pretaPHDQLQJ
‘black soil’ *ODVHU et al.  $ UHFHQW UHYLYDO KDV UHGLVFRYHUHG WKHVH
EHQHILWV$GGLWLRQRIELRFKDUWRSRRUDJULFXOWXUDOVRLOVe.g2[LVROVKDVEHHQ
IRXQG WR LPSURYH FDWLRQ H[FKDQJH FDSDFLW\ &(& QXWULHQW UHWHQWLRQ DQG
DYDLODELOLW\/LDQJet al.$GGLWLRQRIELRFKDUDOVRLQFUHDVHVVRLOZDWHU
KROGLQJFDSDFLW\ .DUKXet al. GXH WR LWV ODUJH DPRXQWRIPLFURVFRSLF
SRUHV/HKPDQQDQG-RVHSKDQGODUJHVXUIDFHDUHD,QFRUSRUDWLQJELRFKDU


LQWRWKHVRLOFDQDOVRDFWDVDPLWLJDWLRQPHWKRGDJDLQVWFOLPDWHFKDQJHWKURXJK
VHTXHVWHULQJ FDUERQ /LX et al.  WKHUHE\ RIIVHWWLQJ WKH HIIHFWV RI
DQWKURSRJHQLF &2 ORVVHV $V ELRFKDU LV UHFDOFLWUDQW LW LV OHVV OLNHO\ WR EH
DIIHFWHGE\ZHDWKHULQJRUPLFURELDOGHFRPSRVLWLRQWKDQDUDZIHHGVWRFNDQGLV
WKHUHIRUHPRUHVWDEOHLQVRLO
7KH XVH RI ELRFKDU DV DQ DGVRUEHQW LV D UHODWLYHO\ QHZ LGHD ZLWK WKH
HIIHFWLYHQHVVRIWHQOLQNHGWRWKHIHHGVWRFNDQGSURGXFWLRQWHPSHUDWXUH.L]LWR
et al.  ,WKDVEHHQXVHG LQPRVWO\DTXHRXVDSSOLFDWLRQV IRU UHPRYDORI
SHVWLFLGHV &HGHUOXQG et al.  RUJDQLF FRPSRXQGV OLNH SRO\FKORULQDWHG
ELSKHQ\OV3&%V:DQJet al.KHDY\PHWDOVe.gDUVHQLF:DQJet al.
FDGPLXPDQGFRSSHU5HJPLet al.DQGDOVR3<DRet al.D
+ROOLVWHUet al.7KHPDMRULW\RIWKLVUHVHDUFKKDVEHHQXQGHUWDNHQLQD
ODERUDWRU\HQYLURQPHQW
3KRVSKRUXVUHPRYDOUHVXOWVIRUELRFKDULQWKHOLWHUDWXUHDUHYDULHG/DLUGet 
al.IRXQGWKDWDGGLQJELRFKDUWRVRLOFROXPQVDPHQGHGZLWKVZLQHPDQXUH
UHGXFHG GLVVROYHG 3 LQ OHDFKDWH E\  DQG QRWHG D FRUUHODWLRQ EHWZHHQ
LQFUHDVLQJ UDWHV RI ELRFKDU DQG GHFUHDVLQJ UDWHV RI 3 OHDFKLQJ 3HFDQ VKHOO
ELRFKDU DGGHG WR D ORDP\ VRLO UHGXFHG WKH FRQFHQWUDWLRQ RI SKRVSKDWH3 LQ
OHDFKDWHE\XSWR1RYDNet al.2WKHUVKDYHUHSRUWHGUHVXOWVWRWKH
FRQWUDU\ZLWKORVVHVRI3IURPELRFKDU)RUH[DPSOH3DUYDJHet al.IRXQG
WKDWZDWHUVROXEOH3FRQFHQWUDWLRQVLQFUHDVHGE\DIWHUDSSOLFDWLRQRI
DJULFXOWXUDOUHVLGXHELRFKDUWR6ZHGLVKVRLOV,QDFROXPQH[SHULPHQW<DRet 
al.IRXQGWKDW%UD]LOLDQSHSSHUZRRGDQGSHDQXWKXOOS\URO\VHGDW&
FDXVHGDLQFUHDVHLQOHDFKDWHSKRVSKDWHFRPSDUHGZLWKWKHFRQWURO7KLV
LQFUHDVHLQ3UHOHDVHLVRIWHQOLQNHGWRWKHIHHGVWRFNLWVHOIFRQWDLQLQJUHODWLYHO\
KLJKFRQFHQWUDWLRQVRI3ZLWKRQHUHYLHZSDSHUOLVWLQJELRFKDU3FRQFHQWUDWLRQV
UDQJLQJEHWZHHQDQG;LHet al.
2QH UHDVRQ IRU SRRU DGVRUSWLYH SHUIRUPDQFH RI PDQ\ ELRFKDUV LV WKH
GRPLQDQFHRIQHJDWLYHO\FKDUJHGVXUIDFHV7U\LQJ WRFRPELQHELRFKDUZLWKD
QHJDWLYHO\ FKDUJHG DQLRQ VXFK DV SKRVSKDWH FDQ EH OLNHQHG WR WZR PDJQHWV
UHSHOOLQJRQHRWKHUZKLFKUHVXOWVLQSRRUHOHFWURVWDWLFDWWUDFWLRQ2QHSRVVLELOLW\
WRLPSURYHWKHVRUSWLRQFDSDFLW\LVWRFRDWWKHELRFKDUZLWKDSRVLWLYHO\FKDUJHG
PLQHUDO R[LGH e.g )H RU0J R[LGH ZKLFK LQFUHDVHV WKH LQLWLDO HOHFWURVWDWLF
DWWUDFWLRQ DQG LQWURGXFHV VXUIDFHV WR ZKLFK WKH SKRVSKDWH LRQV FDQ DGVRUE
$QDHURELFDOO\GLJHVWHGVXJDUEHHWWDLOLQJVKDYHEHHQIRXQGWREHYHU\HIIHFWLYH
LQUHPRYLQJ3IURPDTXHRXVVROXWLRQVGXHWRODUJHFRQFHQWUDWLRQVRIQDWXUDOO\
RFFXUULQJPDJQHVLXPR[LGH0J2RQWKHELRFKDUVXUIDFH<DRet al.E
)ROORZXSUHVHDUFKE\<DRet alDEXVLQJELRFKDUZLWK
DQLQFUHDVHGPDJQHVLXPFRQFHQWUDWLRQUHVXOWHGLQLQFUHDVHGDGVRUSWLRQSRWHQWLDO
RIWKHELRFKDUFRPSDUHGZLWKUHJXODUELRFKDU7KLVZDVGXHWRWKHPDJQHVLXP


R[LGHSUHVHQWRQWKHELRFKDUVXUIDFHLGHQWLILHGDVWKHPDLQDGVRUSWLRQVLWHVIRU
WKHDTXHRXV3&KHQHWDOGLVFRYHUHGWKDWPDJQHWLVHGELRFKDUXVLQJ)H
ZDVYHU\VXFFHVVIXOLQUHPRYLQJSKRVSKDWHIURPZDWHUPRUHVRWKDQXQWUHDWHG
ELRFKDUV ,Q FRQWUDVW 7DND\D et al.  IRXQG WKDW )HFRDWHG ELRFKDUZDV
LQIHULRU WR0JFRDWHGELRFKDUZLWK OHVV WKDQRISKRVSKDWH UHPRYHGIURP
VROXWLRQ0RUHRYHU WKH0JFRDWHGELRFKDU UHPRYHGXS WRRISKRVSKDWH
IURPDQDTXHRXVVROXWLRQFRPSDUHGZLWKUHPRYDOXVLQJXQFRDWHGELRFKDU
7DND\Det al.
:KHQXVHGLQDFRQWUROOHGODERUDWRU\HQYLURQPHQWFRDWHGELRFKDUFDQEHD
YHU\HIIHFWLYHDGVRUEHQWEXWZKHQXVHGLQWKHILHOGWKHUHDUHRWKHUIDFWRUVWREH
FRQVLGHUHG&OLPDWHSODQWLQWHUDFWLRQVRLOSK\VLFRFKHPLFDOSURSHUWLHVDQGVRLO
PLFURRUJDQLVPVFDQDOOSRWHQWLDOO\DIIHFWWKH3UHPRYDOHIILFLHQF\RIELRFKDU
7KHLPSRUWDQWVWHSRIYHULILFDWLRQRISHUIRUPDQFHXQGHUILHOGFRQGLWLRQVLVRIWHQ
RYHUORRNHGZKHQHYDOXDWLQJELRFKDUDGVRUEHQWVDQGZDVWKHUHIRUHDQLPSRUWDQW
FRPSRQHQWRIWKLVWKHVLV



 6RLOVXVHGLQUDLQIDOOVLPXODWLRQDQGO\VLPHWHUVWXGLHV
7ZRRUJDQLFVRLOVRUJDQLFDQGRUJDQLFZHUHXVHGLQWKHVWXGLHVLQFOXGHGLQ
WKLV WKHVLV 7KHVH VRLOV ZHUH FKRVHQ EDVHG RULJLQDOO\ RQ WKH GHSWK WR WKH
XQGHUO\LQJFOD\FPDJULFXOWXUDOXVHDQGS++RZHYHUERWKVRLOVHQGHG
XSKDYLQJVLPLODUS+OHYHOVDQGKDGPHGLXPWRKLJKVRLO3YDOXHVEXWGLIIHUHG
LQVHOHFWHGVRLOSURSHUWLHVDVVKRZQLQ7DEOH%RWKRUJDQLFVRLOVRULJLQDWHIURP
WKHgUHEUR UHJLRQRIFHQWUDO6ZHGHQ )LJDQGKDGPHGLXP WRKLJKVRLO3
YDOXHV2UJDQLFZDVGUDLQHGLQWKHVDQGRUJDQLFLQWKHV%RWKVRLOV
ZHUHLGHQWLILHGDVEHLQJIHQSHDWVFRQWDLQLQJVHGJHVWUHHVIURPWKHAlnusJHQXV
DVZHOODVUHHGVIURPWKHPhragmitesJHQXV)RUFRPSDULVRQWZRPLQHUDOVRLOV
DVDQGDQGDORDPZHUHWDNHQDWDURXQGPIURPRQHDQRWKHURQWKHVDPH
IDUPRXWVLGH.ULVWLDQVWDG)LJ7KHVHPLQHUDOVRLOVKDGGLIIHUHQWWH[WXUHVEXW
KDGUHFHLYHGWKHVDPHWKD\UDPRXQWRIFRZPDQXUHRYHUWKHSUHYLRXV
\HDUVZKLFKOHGWRKLJKVRLO3FRQWHQWV7KHVDQGVRLOZDVFROOHFWHGIURPDVLWH
WKDW LVSDUWRID ORQJWHUPILHOGGUDLQDJHZDWHUPRQLWRULQJSURJUDPPHDQG LV
UHSRUWHG WR UHWXUQPHDQ DQQXDO ORVVHV RI  NJ 3 KD \U  DQG
PD[LPXP ORDGV RI XS WR  NJ3KD\U 'DWD+RVWLQJ$JULFXOWXUDO/DQG




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Figure 2. 0DSRIVRXWKHUQ6ZHGHQVKRZLQJWKHORFDWLRQRIWKHIRXUVRLOVXVHGLQ3DSHUV,,,,
 6RLOFROXPQVDPSOLQJDQGUDLQIDOOVLPXODWLRQV
,QWDFWVRLOFROXPQVHDFKFPGHHSZHUHWDNHQIURPIRXUOD\HUVWR
WR   WR  DQG  WR FP DW DOO IRXU VLWHV LQ1RYHPEHU  7KH
FROXPQVZHUHFROOHFWHG LQFP ORQJSRO\YLQ\O FKORULGH 39&VHZHUSLSHV
ZLWKFPH[WHUQDOGLDPHWHUFPLQQHUGLDPHWHU7KHVHSLSHVZHUHSODFHG
DWWKHUHTXLUHGGHSWKDQGSUHVVHGGRZQFPXVLQJDK\GUDXOLFSUHVVPRXQWHG
RQWKHUHDURIDWUDFWRU)LJ7KUHHUHSOLFDWHVZHUHFROOHFWHGIURPHDFKGHSWK
DWDOOVLWHV

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
Figure 3. 7KHUHDUPRXQWHGK\GUDXOLFVRLOFROXPQFROOHFWLRQGHYLFHLQDFWLRQ 3KRWRV0DWV/DUVER 

A rain simulator was used to impose a ‘worst case’ high P loss scenario. In the 
VLPXODWRU)LJUDLQIDOODPRXQWVZHUHDSSOLHGDWDKLJKLQWHQVLW\RIPP
RYHUKRXUVRQIRXUDSSOLFDWLRQRFFDVLRQV,QWRWDOWKLVVXSSOLHGPPDWD
UDWH RI PPK RYHU  WR  GD\V2Q H[LWLQJ WKH VLPXODWRU WKH DUWLILFLDO
UDLQZDWHUFRQWDLQHGPJ&D/PJ)H/PJSRWDVVLXP./
PJ0J/PJVRGLXP1D/DQGPJWRWDO3/KDGS+
DQGKDGDQHOHFWULFDOFRQGXFWLYLW\RIP6PPPRO//HDFKDWH
ZDV VDPSOHGDIWHUHDFKRI WKH IRXU VLPXODWHG UDLQIDOORFFDVLRQVDQGDQDO\VHG
DFFRUGLQJ WR WKH DPPRQLXP PRO\EGDWH VSHFWURPHWULF PHWKRG (XURSHDQ
&RPPLWWHHIRU6WDQGDUGL]DWLRQIRUWRWDO3WRWDOGLVVROYHG37'3DQG
GLVVROYHGUHDFWLYH3'53DOVRNQRZQDVSKRVSKDWH37RWDO3ZDVDQDO\VHG
RQXQILOWHUHGVDPSOHV DQG7'3DQGSKRVSKDWH3RQ ILOWHUHG VDPSOHV P
SRUH VL]H6FKOHLFKHU DQG6FKOO*PE+7KHGLIIHUHQFHEHWZHHQ WRWDO3DQG
7'3ZDVGHILQHGDVSDUWLFXODWH333ZKLOHWRWDO3PLQXVSKRVSKDWH3DQG33
ZDVFODVVLILHGDVGLVVROYHGXQUHDFWLYH3RUUHVLGXDO37KHUHVLGXDO3IUDFWLRQ
ZDVDVVXPHGWRUHSUHVHQWRUJDQLF3

 
 
 
 
 


Figure 47KHUDLQIDOOVLPXODWRUXVHGLQ3DSHU,
 /\VLPHWHUV
,QWDFWFPVRLOFROXPQVIURPWKHRUJDQLFDQGRUJDQLFVRLOVZHUHXVHGLQ
3DSHUV ,, DQG ,,, WR GHWHUPLQH 3 OHDFKLQJ XQGHU ILHOG FRQGLWLRQV IURP WKHVH
RUJDQLFVRLOVDQGWRGHWHUPLQHWKHHIIHFWLYHQHVVRIGLIIHUHQWELRFKDUV,QDGGLWLRQ
FPFROXPQVIURPWKHPLQHUDOVRLOVVDQGDQGORDPZHUHLQFOXGHGLQ3DSHU
,,,WRFRPSDUH3OHDFKLQJFRQFHQWUDWLRQVDQGORDGVZLWKWKRVHIURPWKHRUJDQLF
VRLOV
$OO LQWDFW O\VLPHWHUV ZHUH FROOHFWHG LQ 2FWREHU  RUJDQLF VRLOV DQG
1RYHPEHU  PLQHUDO VRLOV LQ FP ORQJ 39& SLSHV  FP LQWHUQDO
GLDPHWHU XVLQJ WKH PHWKRG GHVFULEHG E\ 3HUVVRQ DQG %HUJVWU|P 
ZKHUHE\DWUDFWRUPRXQWHGGULOOZDVXVHGWRVORZO\SXVKWKHSLSHVLQWRWKHVRLO
DQGWKHQH[WUDFWWKHO\VLPHWHUV)LJ%DQG&
3UHSDUDWLRQRIHDFKO\VLPHWHULQFOXGHGLQYHUWLQJWKHO\VLPHWHUDQGSODFLQJD
VWDLQOHVVVWHHOPHVKPPXQGHUWKHVRLODQGDFPOD\HURIZDVKHGJUDYHO
WRPPIROORZHGE\DQRWKHUVWDLQOHVVVWHHOPHVKPPDQGILQDOO\D
SHUIRUDWHGILEUHJODVVOLG7KHO\VLPHWHUVZHUHWKHQSODFHGLQWKHXSULJKWSRVLWLRQ
DQGWKHWRSZDVSUHSDUHGE\UHPRYLQJWKHXSSHUFPRIVRLOGLVFDUGLQJWKH
QH[WFPWRFPGHSWKDQGUHSODFLQJLWZLWKHLWKHUFPRILURQFKORULGH
FRDWHGJRUPDJQHVLXPFKORULGHFRDWHGJELRFKDURUDOWHUQDWLYHO\
ZLWKFPRIPPZDVKHGJUDYHO FRQWURO )LJ'*7KHVRLOZDV WKHQ
UHSODFHGDWDEXONGHQVLW\VLPLODUWRWKDWEHIRUHUHPRYDO$VWKHO\VLPHWHUVZHUH


VKRUWHUWKDQWKHVWDQGDUGW\SHXVHGLQWKHO\VLPHWHUVWDWLRQFPDFP
SLSHH[WHQVLRQZDVJOXHGRQWRWKHO\VLPHWHUERWWRP)LJ$
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Figure 5. /\VLPHWHU GHVLJQ ZLWK SUHSDUDWLRQ VWHSV $ /\VLPHWHU GHVLJQ % DQG & O\VLPHWHU
H[FDYDWLRQ'ERWWRPRIO\VLPHWHUZLWKJ\WWMDFOD\UHPRYHG(DGGLWLRQRIVWDLQOHVVVWHHOPHVK
DQGPPZDVKHGJUDYHO)DWWDFKLQJWKHILEHUJODVVOLG*DGGLWLRQRIELRFKDUWRWKHWRSRID
O\VLPHWHU+O\VLPHWHUVLQVWDOOHGZLWKZKHDWFURS,OHDFKDWHFROOHFWLRQERWWOHVLQWKHO\VLPHWHU
VWDWLRQ


7KH)HFRDWHGELRFKDUOD\HUZDVLQVWDOOHGLQ0DUFKDQGZDVIROORZHGE\
WKUHH\HDUVRIOHDFKDWHVDPSOLQJ3DSHU,,ZKHUHDVWKH0JFRDWHGELRFKDUZDV
LQVWDOOHGLQ6HSWHPEHUDQGXQGHUZHQWRQO\PRQWKVRIOHDFKDWHVDPSOLQJ
3DSHU ,,, (DFK O\VLPHWHUZDV FRQQHFWHG WR DQ LQGLYLGXDO EDODQFH )LJ ,
ZKLFK FRQWLQXRXVO\ZHLJKHG WKH OHDFKDWH FROOHFWLRQ ERWWOH DQG DQ\ LQFRPLQJ
OHDFKDWH7KLVZDVFRQQHFWHGWRDGDWDORJJHUZKLFKORJJHGGUDLQDJHGDWDHYHU\
VHFRQGV/HDFKDWHZDVVDPSOHGZKHQaP/RIOHDFKDWHKDGFROOHFWHGLQ
WKHERWWOHV7KLVUHVXOWHGLQQLQHQLQHDQGHLJKWVDPSOLQJRFFDVLRQVSHU\HDUIRU
WKHWKUHHFRQVHFXWLYH\HDUVEHWZHHQ0DUFKDQG0DUFK3DSHU,,DQG
 VDPSOLQJ RFFDVLRQV EHWZHHQ 2FWREHU  DQG 0DUFK  3DSHU ,,,
6DPSOHVZHUHDQDO\VHGIRU3DVLQWKHUDLQVLPXODWRUH[SHULPHQW
 %LRFKDUODERUDWRU\VWXGLHV
'XH WR ODFN RI VXLWDEOH HTXLSPHQW IRU SURGXFLQJ ELRFKDU LQ WKH TXDQWLWLHV
UHTXLUHG WKHPDLQELRFKDUSURGXFWVXVHG LQ WKLV WKHVLVZHUH WZRRIIWKHVKHOI
SURGXFWVIURPFRPPHUFLDOSURGXFHUVDQGWKXVFRDWHGSRVWpyrolysis. ‘Skogens 
kol’ charcoal was chosen as it had been used in seYHUDOSUHYLRXV VWXGLHVDQG
WKHUHIRUH DQ XQGHUVWDQGLQJ H[LVWHG RI LWV JHQHUDO FKDUDFWHULVWLFV DQG
SHUIRUPDQFH )XUWKHUPRUH DV LW LV SURGXFHG IURP ZRRG WKH 3 FRQWHQW ZDV
UHODWLYHO\ORZLQFRPSDULVRQZLWKWKDWLQRWKHUIHHGVWRFNV7DEOHZKLFKZDV
QHFHVVDU\IRUWKHSXUSRVHVRIWKHDGVRUSWLRQOHDFKLQJVWXGLHV7KH6NRJHQVNRO
ELRFKDU FDPH IURP D FRPPHUFLDO FKDUFRDO SURGXFWLRQ IDFLOLW\ LQ VRXWKHUQ
6ZHGHQDQGKDGDVL]HIUDFWLRQRIPP6HOHFWHGUHVXOWVRIELRFKDUDQDO\VHV
DUH SUHVHQWHG LQ 7DEOH  7KH ELRFKDU ZDV SURGXFHG E\ VORZ S\URO\VLV DW
WHPSHUDWXUHVEHWZHHQ&7KHELRFKDUZDVWKHQFRDWHGZLWK)H&OZLWK
DQLURQ,,,LURQ,,UDWLRRIWRDOORZVXUIDFHPDJQHWLWH)H2IRUPDWLRQ
The second variety of biochar chosen was ‘Ecoera’, a peOOHWHG ELRFKDU
SURGXFHG IURP DJULFXOWXUDO UHVLGXHV DW  & DW D FRPPHUFLDO IDFLOLW\ LQ
VRXWKHUQ6ZHGHQ7KLV ELRFKDUZDV FUXVKHG DQG VLHYHG WRPPDQG WKHQ
FRDWHGZLWK0JE\SUHSDUDWLRQRID0J&OVROXWLRQDQGIXUWKHUKHDWWUHDWPHQWDW
&LQDPXIIOHIXUQDFH
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







'HWDLOHGGHVFULSWLRQVRIWKHDQDO\WLFDOPHWKRGVXVHGFDQEHIRXQGLQ3DSHUV
,,DQG,,,+RZHYHUDEULHIGHVFULSWLRQLVSUHVHQWHGKHUH
x 6FDQQLQJHOHFWURQPLFURVFRS\6(0ZLWKHQHUJ\GLVSHUVLYH
VSHFWURVFRS\('6ZHUHXVHGWRWDNHLPDJHVRIWKHELRFKDU
LQRUGHUWRLGHQWLI\DQ\SRWHQWLDOFU\VWDOOLQHVWUXFWXUHVDQGWR
DQDO\VHWKHHOHPHQWDOFRPSRVLWLRQRQWKHVXUIDFH
x ;UD\ SRZGHU GLIIUDFWLRQ ;5' ZDV DOVR XVHG WR LGHQWLI\
FU\VWDOOLQH VWUXFWXUHV RQ WKH ELRFKDU VXUIDFHV ZKLFK KHOSHG
ZLWKFKDUDFWHULVDWLRQRIWKHELRFKDUFRDWLQJV
x ;UD\WRPRJUDSK\;573DSHU,,RQO\ZDVXVHGWRH[DPLQH
WKHH[WHQWRI)HSHQHWUDWLRQWKURXJKWKHELRFKDUZKLFKKHOSHG
LQGHWHUPLQLQJWKHHIIHFWLYHQHVVRIWKHFRDWLQJSURFHGXUH
x ;UD\DGVRUSWLRQQHDUHGJHVWUXFWXUH ;$1(6VSHFWURVFRS\
ZDV XVHG WR GHWHUPLQH ZKHWKHU SKRVSKDWH LQ VROXWLRQ KDG
DGVRUEHGWRWKHELRFKDULWVHOIWRWKHFRDWLQJRI)H3DSHU,,RU
WR 0J2 SHULFODVH RU 0J2+ EUXFLWH 3DSHU ,,, %RWK
XQFRDWHGDQGFRDWHGVDPSOHVZHUHDQDO\VHG
x 7KH PD[LPXP 3 DGVRUSWLRQ FDSDFLW\ RI WKH ELRFKDU ZDV
GHWHUPLQHG WKURXJK EDWFK DGVRUSWLRQ VWXGLHV E\ VKDNLQJ
ELRFKDU VDPSOHV LQ D EXIIHU VROXWLRQ ZLWK SKRVSKDWH
FRQFHQWUDWLRQVRIEHWZHHQDQGPJ3/Q UHSOLFDWHV
$QDO\VLVIRUSKRVSKDWH3LQVXSHUQDWDQWVZDVFDUULHGRXWXVLQJ
)ORZ,QMHFWLRQ$QDO\VLV),$)LDVWDU$1)266
+LOOHURHG'HQPDUNDFFRUGLQJWRWKH)RVV7HFDWRU$1
DPPRQLXP PRO\EGDWH PHWKRG 7KLV DOORZHG WKH DPRXQW RI
SKRVSKDWH3DGVRUEHGWRELRFKDUWREHFDOFXODWHG$/DQJPXLU
LVRWKHUP ZDV ILWWHG WR WKH PHDVXUHG GDWD WR FDOFXODWH WKH
PD[LPXPDGVRUSWLRQFDSDFLW\RIWKHELRFKDU

ݍ௘ୀ಼ൈೂ೘ೌೣൈ಴೐భశ಴೐ >@
ZKHUH qe LV WKH DGVRUEHG DPRXQW PJ 3 J Ce LV WKH
HTXLOLEULXPFRQFHQWUDWLRQPJ3/KLVDFRQVWDQWUHODWHGWR
WKH ELQGLQJ HQHUJ\ / PJ DQG Qmax LV WKH /DQJPXLU
PD[LPXPDGVRUSWLRQFDSDFLW\PJ3J





x $SUHVWXG\ZDVFRQGXFWHGWRGHWHUPLQHZKHWKHUWKHELRFKDU
IHHGVWRFN RU PHWDO FRDWLQJ LV PRVW LPSRUWDQW IRU SKRVSKDWH
DGVRUSWLRQ7KHWKUHHELRFKDUVWHVWHGZHUH%HWIRUDVXJDUEHHW
E\SURGXFWXVHGDVDVWRFNIHHGS\URO\VHGDW&6:3
D VRIWZRRG ELRFKDU S\URO\VHG DW  & DQG (FRHUD DV
LQWURGXFHGHDUOLHU7KH WKUHH WUHDWPHQWV LQFOXGHGQRFRDWLQJ
DQGDQGJ0J&OJELRFKDU6DPSOHVRIJRIHDFK
ELRFKDUQ ZHUHVKDNHQLQDVLQJOHPJ3/VROXWLRQIRU
 KRXUV DQG DQDO\VHG DV LQ WKH PD[LPXP 3 DGVRUSWLRQ
FDSDFLW\VWXG\SUHVHQWHGDERYH
x $ ODERUDWRU\ FROXPQ VWXG\ZDV FDUULHG RXW WR GHWHUPLQH WKH
HIIHFWLYHQHVV RI )HFRDWHG ELRFKDU XQGHU KLJK ZDWHU IORZ
FRQGLWLRQV 6L[ JODVV FROXPQV  FP ORQJ E\  FP LQQHU
GLDPHWHUZHUHILOOHGZLWKVDQGXSWRFPIURPWKHFROXPQULP
DQGWKHQFP)HFRDWHGELRFKDUZDVDSSOLHGFRUUHVSRQGLQJWR
 W KD7KH UHPDLQGHUZDV WKHQ ILOOHGZLWK VDQG )LJ
OHIW$QRWKHUVL[FROXPQVZHUHILOOHGZLWKVDQGRQO\)LJ
ULJKW(DFKFROXPQZDVILOOHGIURPWKHERWWRPZLWKGHLRQLVHG
ZDWHUKRXUVSUHYLRXVO\DQGWKHQGUDLQHGSULRUWRWKHVWDUWRI
WKH H[SHULPHQW UHVXOWLQJ LQ DSSUR[LPDWH ILHOG FDSDFLW\
FRQGLWLRQV$VROXWLRQRIRQHRIWKUHHSKRVSKDWH1++32
FRQFHQWUDWLRQVZDVDSSOLHG WRHDFKFROXPQFRUUHVSRQGLQJWR
RUNJ3KD(DFKFRQFHQWUDWLRQZDVDSSOLHGWRIRXU
FROXPQV WZR ZLWK DQG WZR ZLWKRXW ELRFKDU 'HLRQLVHG ZDV
WKHQ DSSOLHG RQWR LQGLYLGXDO FROXPQV DW PP K IRU 
KRXUVXVLQJDSHULVWDOWLFSXPS6DPSOHVZHUHFROOHFWHGHYHU\
 PLQXWHV DQG DQDO\VHG IRU SKRVSKDWH IROORZLQJ WKH VDPH
PHWKRGDVLQWKHEDWFKDGVRUSWLRQVWXG\


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











&XPXODWH SKRVSKDWH3 ORDGV ZHUH WKHQ SORWWHG DJDLQVW
FXPXODWLYH GUDLQDJH IRU HDFK SKRVSKDWH FRQFHQWUDWLRQ DQG
WKHVHZHUHILWWHGWRWKH*RPSHUW]HTXDWLRQ

ݕ ൌ ܽ݁ି௘షቀ
ೣషೣబ್ ቁ  >@ 
ZKHUHyLVWKHFXPXODWLYHDPRXQWOHDFKHGPJ3DIWHUxPPRI
FXPXODWLYH GUDLQDJH a LV WKH FXPXODWLYH DPRXQW PJ 3
OHDFKHGDWxmaxi.eDWWKHWKHRUHWLFDOPD[LPXPGUDLQDJHx0LV
WKH LQIOHFWLRQ SRLQW RI WKH FXUYH DQG b LV D SDUDPHWHU WKDW
GHVFULEHVWKHVORSHRI WKHFXUYH7KLVDOORZHGFRPSDULVRQRI
OHDFKLQJDWHTXLYDOHQWGUDLQDJHYROXPHV

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Figure 6.7KHFROXPQOHDFKLQJDSSDUDWXV3KRWR5REHUW$OPTYLVW
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7DEOH Results of analysis of both biochar types, with and without coating, used in Papers II and 
III 
$QDO\VLV  8QFRDWHG
(FRHUDE
0J
FRDWHGF
8QFRDWHG
6NRJHQVNROG
)H
FRDWHGH
6SHFLILFVXUIDFH%(7 PJ    
7UXHGHQVLW\ JFP    
S+&D&O     
$VKFRQWHQW& ZZ    
7RWDOLQRUJDQLFFDUERQ ZZ    
&DUERQ ZZ    
+\GURJHQ ZZ    
7RWDOQLWURJHQ ZZ    
7RWDOVXOSKXU ZZ    
2[\JHQ ZZ    
+&UDWLR     
2&UDWLR     
&1UDWLR     
+2UDWLR     
7RWDOSKRVSKRUXVD PJNJ    
7RWDOFDOFLXPD PJNJ    
7RWDOPDJQHVLXPD PJNJ    
7RWDOLURQD PJNJ    
7RWDOSRWDVVLXPD PJNJ    
7RWDOVRGLXPD PJNJ    
7RWDODOXPLQXPD PJNJ    
D %LRFKDU VDPSOH H[WUDFWHG ZLWK +12 DQG DQDO\VHG LQ DQ DFFUHGLWHG ODERUDWRU\ LQ 8SSVDOD
6ZHGHQ7KHUHPDLQGHUDWDVSHFLDOLVWELRFKDUODERUDWRU\(XURILQV+DOVEUFNH*HUPDQ\
E’Ecoera’ agricultural residue biochar.
F3HULFODVH0J2coated ‘Ecoera’ biochar, i.eQRWK\GUDWHGWR0J2+
G‘Skogens kol’ ~80% hardwood, mainly birchwood (BetulaVSDQGa1RUZD\VSUXFH
Picea abies
H‘Skogens kol’ FeFRDWHGELRFKDU
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 6KRUWFROXPQVWXG\
%RWKWKHVDQGDQGORDPVRLOVZHUHRULJLQDOO\XVHGLQWKHUDLQIDOOVLPXODWRUIRU
FRPSDULVRQ ZLWK WKH RUJDQLF VRLOV +RZHYHU WKH ORDP VRLO VKRZHG SRRU
LQILOWUDWLRQ FDSDFLW\ DQGZDV HYHQWXDOO\ H[FOXGHG IURP WKH VWXG\ OHDYLQJ WKH
VDQGDVWKHRQO\PLQHUDOVRLO2UJDQLFZDVDOVRQRWLQFOXGHGLQ3DSHU,GXHWR
SRQGLQJ WKDW RFFXUUHG RQ WKH VXUIDFH RI WZR RI WKUHH UHSOLFDWHV DIWHU UDLQIDOO
VLPXODWLRQVDQGZKLFKSRWHQWLDOO\UHVXOWHGLQDQDHURELFFRQGLWLRQVDQGZHUH
WKHUHIRUHQRWFRPSDUDEOHWRWKHRWKHUVRLOVDVGLVFXVVHGODWHU
,QDOOWKUHHVRLOVH[DPLQHGXVLQJWKHUDLQIDOOVLPXODWRUWHFKQLTXHWRWDO3DQG
SKRVSKDWH3 ORVVHV ZHUH KLJKHVW IURP WKH  WR FP OD\HU 7DEOH  7KH
SURSRUWLRQRISKRVSKDWH3WRWRWDO3ZDVODUJHi.eLQWKHWRFP
OD\HU RI DOO WKUHH VRLOV )LJ $ ( , 7RWDO3 OHDFKLQJ ORVVHV IURP WKH RQH
RUJDQLFUHSOLFDWHLQZKLFKSRQGLQJGLGQRWRFFXUNJKDZHUHPXFKORZHU
WKDQ IURPRUJDQLF   NJ KD 7DEOH $YHUDJH WRWDO3 FRQFHQWUDWLRQ LQ
OHDFKDWHZDVPJ/Q IRURUJDQLFDQGVWDQGDUGGHYLDWLRQ
PJ/Q IRURUJDQLFWRFPOD\HU7KHDYHUDJHFRQFHQWUDWLRQLQ
OHDFKDWHIURPWKHFPOD\HUZDVFRQVLGHUDEO\ORZHUIRURUJDQLF
PJ/Q WKDQIRURUJDQLFPJ/Q 7KHUHPDLQLQJ
OD\HUV ZHUH VLPLODU LQ ERWK RUJDQLF VRLOV LQ WKDW OHDFKDWH 3 FRQFHQWUDWLRQV
EHFDPHSURJUHVVLYHO\VPDOOHUZLWKGHSWK3DUYDJHet al.DOVRXVHGFP
WRFPOD\HURQO\VRLOFROXPQVIURPWKHRUJDQLFVLWHDQGGHWHFWHGDPHDQ
SKRVSKDWH3ORDGRINJKDDIWHUPPRIDUWLILFLDOUDLQIDOOi.e.QHDUO\IRXU
IROGPRUHWKDQLQWKLVWKHVLVEXWZLWKRQO\RQHWKLUGPRUHUDLQZDWHUDSSOLHG7KLV
PD\KDYHEHHQDUHVXOWRIKLJKHUUDLQIDOOLQWHQVLW\FRPELQHGZLWKXVHRIDORZ
LRQLFVWUHQJWKUDLQZDWHULQWKHLUVWXG\DVGLVFXVVHGODWHU
7KHDYHUDJHWRWDO3FRQFHQWUDWLRQLQOHDFKDWHIURPWKHWRFPOD\HULQ
WKHVDQGVRLOZDVPJ/Q ZKLFKZDVVLPLODUWRWKDWLQOHDFKDWH
IURPWKHVDPHOD\HULQRUJDQLF)URPWKHIRXUUDLQIDOOVLPXODWLRQVDFRPELQHG
WRWDORINJKDWRWDO3ZDVOHDFKHGIURPWKHWRFPOD\HULQWKHVDQG
7DEOH  7KH ORZHU VDQG OD\HUV DOVR UHOHDVHG FRQVLGHUDEOH DPRXQWV RI 3
 5HVXOWVDQG'LVFXVVLRQ


DOWKRXJKWKHVHORVVHVZHUHOLNHO\DQH[SHULPHQWDODUWHIDFWUHVXOWLQJIURPWKHORZ
LRQLFVWUHQJWKUDLQZDWHU6ROXWLRQVZLWKORZLRQLFVWUHQJWKKDYHSUHYLRXVO\EHHQ
IRXQGWRFDXVHGLVSHUVLRQRIVRLOFROORLGVZLWKWKLVGLVSHUVLRQHIIHFWLQFUHDVLQJ
ZLWKKLJKIORZUDWHV5\DQDQG*VFKZHQG7KHSUHVHQFHRIODUJHDPRXQWV
RI KXPXV LQ WKH RUJDQLF VRLOVPRVW OLNHO\ LQFUHDVHG WKH VWDELOLW\ RI DQ\ FOD\
FROORLGVLQWKHRUJDQLFVRLO7LVGDOODQG2DGHVFRPSDUHGZLWKWKHPLQHUDO
VRLOUHVXOWLQJLQORZHU33ORVVHV
'LYLGLQJWKHVRLOSURILOHLQWRVHSDUDWHFPOD\HUVLVDQRYHODSSURDFKWR
P\NQRZOHGJHZKLFKPDNHVFRPSDULVRQVZLWKRWKHUVWXGLHVGLIILFXOW+RZHYHU
VWXGLHVRI3OHDFKLQJIURPFPWRSVRLOFROXPQVH[SRVHGWRUDLQIDOOVLPXODWLRQV
DUHFRPPRQDQGORVVHVDUHRIWHQJUHDWHUWKDQWKRVHPHDVXUHGIURPIXOOOHQJWK
O\VLPHWHUVRUILHOGVWXGLHV)RUH[DPSOH/LXet alEFRQFOXGHGWKDWWKH\
KDG RYHUHVWLPDWHG 3 OHDFKLQJ IURP FP GHHS WRSVRLO FROXPQV H[SRVHG WR
DUWLILFLDOUDLQIDOOVLPXODWLRQVGXHWRQRWLQFOXGLQJWKHLQIOXHQFHRIVXEVRLO)HDQG
$OR[LGHVZLWKORZ'36YDOXHVEHWZHHQ7KH\DOVRFRQFOXGHGWKDWWKH
VXEVRLOLQWHUDFWLRQPD\DFWDVD3ILOWHUWRUHGXFHRYHUDOOOHDFKLQJLIDZKROHVRLO
SURILOHLVXVHG7KH\YHULILHGWKLVE\FRPSDULQJWKHLUWRSVRLOFROXPQUHVXOWVZLWK
WRWDO3OHDFKLQJLQDILHOGVWXG\PHDVXULQJWKH3FRQFHQWUDWLRQLQGUDLQDJHZDWHU
IURP D VDQG VRLO 0HOOE\ DW P GHSWKZKLFKZDV  WLPHV OHVV WKDQ LQ
OHDFKDWHIURPWKHLUWRSVRLORQO\FROXPQV/LXet al.D)XUWKHUPRUHEDVHG
RQ FRPSDULVRQV EHWZHHQ RXWGRRU O\VLPHWHUV ZLWK DQG ZLWKRXW VXEVRLO
$QGHUVVRQet al.FRQFOXGHGWKDW3OHDFKLQJLVJUHDWO\DIIHFWHGE\VXEVRLO
SURSHUWLHV DQG WKDW LQ JHQHUDO WRSVRLO VWXGLHV DORQH DUH QRW VXIILFLHQW IRU
GHWHUPLQLQJ3OHDFKLQJLQVRLOV
7RGHWHUPLQHSRWHQWLDOFRQFHQWUDWLRQVDQGORDGVIURPWKHHQWLUHVRLOSURILOH
ZKLFKZDVQRWSRVVLEOHZLWKWKHFPFROXPQVDIXOOOHQJWKO\VLPHWHUVWXG\
ZDVDOVRFDUULHGRXWLQWKLVWKHVLV
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7DEOH Cumulative phosphorus loads leached from 20-cm soil columns after addition of 200 mm 
rainfall in the rain simulator. 
6RLO 'HSWK 7RWDO3D '36E
 FP NJKD 
2UJDQLF  FG F
  F F
  F F
  F F
2UJDQLF   
   
   
   
6DQG   
   
   
   
/RDP  H F
  H F
  H F
  H F
D*HRPHWULFPHDQ
E'36 'HJUHHRISKRVSKRUXVVDWXUDWLRQ3R[)HR[$OR[[ZKHUH3R[)HR[DQG$OR[DUH
R[DODWHH[WUDFWDEOH3)HDQG$OUHVSHFWLYHO\
F'DWDQRWSUHVHQWHGLQ3DSHU,
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 )LHOGVFDOHSKRVSKRUXVOHDFKLQJIURPRUJDQLFVRLOV
7KH DYHUDJH WRWDO3 FRQFHQWUDWLRQ LQ OHDFKDWH UHSRUWHG LQ 3DSHUV ,, DQG ,,,
FRQVLVWHG RI  DQG  SKRVSKDWH3 IRU RUJDQLF  DQG  O\VLPHWHUV
UHVSHFWLYHO\2YHUWKHWKUHH\HDUVRIVWXG\WKHPHDQSKRVSKDWH3FRQFHQWUDWLRQ
ZDVPJ/ IRURUJDQLF O\VLPHWHUV DQGPJ/ IRU
RUJDQLF  O\VLPHWHUV*HRPHWULFPHDQ WRWDO3 ORDG JHRPHWULF VGZDV 
NJKDQ DQGNJKDQ IRURUJDQLFDQGO\VLPHWHUV
UHVSHFWLYHO\RYHUWKHWKUHH\HDUVYDOXHVZKLFKZHUHQRWVLJQLILFDQWO\GLIIHUHQW
7KLVZDVHTXLYDOHQWWRD\HDUO\PHDQORDGRIDQGNJ3KDIURPWKH
RUJDQLFDQGRUJDQLFVRLOV UHVSHFWLYHO\6WXGLHVUHSRUWLQJ3OHDFKLQJIURP
O\VLPHWHU VWXGLHV LQYROYLQJ RUJDQLF VRLO FROXPQV DUH TXLWH XQFRPPRQ LQ WKH
OLWHUDWXUH +RZHYHU RQH UDUH H[FHSWLRQ D VWXG\ UHSRUWHG E\ 5HGG\ 
UHFRUGHGSKRVSKDWH3DQGORDGVEHWZHHQDQGNJ3KD\ULQ
OHDFKDWHIURPFPVRLOFROXPQVWDNHQIURPRUJDQLFVRLOVLQ)ORULGD6HYHUDO
UHVHDUFKHUV KDYH SUHVHQWHG UHVXOWV IURP VXFWLRQ O\VLPHWHUV DQG ILHOGVFDOH
VWXGLHVe.g3DKNDNDQJDVIRXQGPHDQSKRVSKDWH3FRQFHQWUDWLRQVRI
RIWRWDO3LQGUDLQDJHGLWFKHVEHVLGHSHDWODQGVRLOVLQ)LQODQG,]XQRet al.
IRXQGDKLJKHUYDULDWLRQLQYDOXHVIURPILHOGGUDLQDJHVDPSOLQJLQWKH
)ORULGD(YHUJODGHV SKRVSKDWH3 ,Q2QWDULR&DQDGD0LOOHU 
UHSRUWHGORDGVRIXSWRNJ3KD\UIURPRUJDQLFVRLOV7RWDOILOWHUHG3ORDGV
RI XS WR  NJ KD GXULQJ D RQH\HDU SHULRGZHUHPHDVXUHG LQ VRLO VROXWLRQ
VDPSOHVIURPFPGHSWKLQDQRUJDQLFVRLOXQGHUGDLU\FRZJUD]LQJLQ1HZ
=HDODQG 0F'RZHOO DQG0RQDJKDQ ZKLFKZDV FRQVLGHUHG H[WUHPHO\
KLJKLQFRPSDULVRQZLWKDQGNJKDIURPWZRDGMDFHQWFRQWUROVRLOV
,Q FRPSDULVRQ ZLWK WKHVH LQWHUQDWLRQDO VWXGLHV FRQVLGHUDEO\ ORZHU
SKRVSKRUXVFRQFHQWUDWLRQVDQGORDGVZHUHGHWHFWHGLQWKLVWKHVLV$VWKHUHDUH
PDQ\ GLIIHUHQFHV LQ IHUWLOLVHU XVH DQG VFDOH EHWZHHQ GLIIHUHQW VWXGLHV GLUHFW
FRPSDULVRQVDUHQRWRIWHQ UHOLDEOH7KXV WRGHWHUPLQHKRZ WKH3 ORVVHV IURP
RUJDQLF VRLO O\VLPHWHUV GHWHFWHG LQ WKLV WKHVLV UHODWHG WR ORVVHV IURP6ZHGLVK
PLQHUDOVRLOVDVHFRQGVWXG\ZDVFDUULHGRXWRYHUDPRQWKSHULRG7DEOH
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
 &RPSDULVRQEHWZHHQRUJDQLFDQGPLQHUDOVRLOV
$VWKHVDQGVRLOZDV WDNHQIURPD6ZHGLVKQDWLRQDOGUDLQDJHPRQLWRULQJVLWH
ZLWKDYHUDJHPHDVXUHG3ORDGVRINJKD\ULQLWLDOH[SHFWDWLRQVZHUHWKDW
WKHVDQGVRLOO\VLPHWHUVZRXOGOHDFKFRQVLGHUDEOHDPRXQWVRI32QWKHFRQWUDU\
WKHDFWXDOJHRPHWULFPHDQWRWDO3ORDGIURPWKHVDQGRYHUWKHPRQWKVWXG\
ZDVNJKD LQFRPSDULVRQZLWKDQGNJKD IURPRUJDQLF
RUJDQLF  DQG ORDP UHVSHFWLYHO\+RZHYHU WKHUHZDV FRQVLGHUDEOH YDULDWLRQ
EHWZHHQDOOVRLOUHSOLFDWHVZKLFKSURGXFHGODUJHJHRPHWULFVWDQGDUGGHYLDWLRQV
UHVXOWLQJLQIHZHUVWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHVEHWZHHQWKHVRLOV7DEOH
7KHDFWXDOORDGORVWIURPWKHVDQGGUDLQDJHPRQLWRULQJVLWHRYHUWKHVDPH
PRQWKSHULRGDVZKHQWKHO\VLPHWHUVWXG\ZDVFRQGXFWHGZDVYHU\VLPLODU WR
WKDWIRXQGLQWKHO\VLPHWHUVWXG\NJKD'DWD+RVWLQJ$JULFXOWXUDO/DQG
+RZHYHUWKHDPRXQWRIGUDLQDJHZDWHUUHFRUGHGDWWKHVLWHZDVPP
FRPSDUHG ZLWK DQ DYHUDJH RI  PP IRU WKH O\VLPHWHUV DW WKH VWDWLRQ LQ
8SSVDOD7KXV LI WKH GUDLQDJHYROXPHV KDGEHHQ VLPLODU WKH ORVVHV IURP WKH
O\VLPHWHUVZRXOG OLNHO\ KDYH EHHQ FRQVLGHUDEO\ KLJKHU 7KLVPD\ EH DW OHDVW
SDUWO\GXHWRWKHIDFWWKDWWKHHQWLUHYROXPHRIGUDLQDJHZDWHULVFROOHFWHGIURP
O\VLPHWHUV ZKHUHDV D UHGXFHG YROXPH LV FROOHFWHG LQ WKH ILHOG FDXVHG E\ D
SURSRUWLRQRIOHDFKDWHE\SDVVLQJGUDLQDJHSLSHV7KLVVXJJHVWVWKDWFDXWLRQLV
QHHGHGZKHQ FRPSDULQJ WKH GDWD REWDLQHG XVLQJ WKHVH WZR VWXG\ WHFKQLTXHV
O\VLPHWHUVDQGILHOGPRQLWRULQJ
9DULDWLRQVLQGUDLQDJHYROXPHVFDQEHDQLVVXHZKHQFRPSDULQJ3OHDFKLQJ
IURPO\VLPHWHUWUHDWPHQWVZLWKLQWKHVDPHVWXG\DVZHOODVEHWZHHQVWXGLHV2QH
PHWKRG LV WR FDOFXODWH WKH YROXPHZHLJKWHG DYHUDJH RU JHRPHWULF DYHUDJH
FDOFXODWHGIURPWRWDO WUDQVSRUWNJKDRYHU WKHPRQWKVWXG\GLYLGHGE\
WRWDO OHDFKDWHYROXPHVWRWDO3DQGSKRVSKDWH3FRQFHQWUDWLRQVIURPWKH
PRQWKV7KHVHZHUHDQGPJ/
 IURP WKH RUJDQLF  RUJDQLF  VDQG DQG ORDP VRLOV 7KH KLJKHVW YROXPH
ZHLJKWHGWRWDO3FRQFHQWUDWLRQUHSRUWHGE\'MRGMLFet al.ZDVIRUORDP\
VDQGO\VLPHWHUVPJ/IROORZHGE\DVLOW\FOD\ORDPPJ/DQG
ORDP PJ/7KHVHZHUH DOO OHVV WKDQ WKH WRWDO3 FRQFHQWUDWLRQV IURP
RUJDQLFEXWJUHDWHUWKDQWKHFRQFHQWUDWLRQVIURPWKHVDQGDQGORDPVRLOVDQG
VLPLODUWRWKRVHIURPRUJDQLFLQWKLVWKHVLV$QGHUVVRQet al.UHFRUGHG
PXFKKLJKHU WRWDO3FRQFHQWUDWLRQV PJ3/ IURPRQHRI WKHLU VWXGLHG
VDQGVRLOV1nQWXQDZKLFKWKH\DWWULEXWHGWRKLJKDPRXQWVRIH[WUDFWDEOH33
$/DQG2OVHQ3FRPELQHGZLWKORZVRUSWLRQFDSDFLW\LQWKHVXEVRLO+RZHYHU


WKH\DOVRUHSRUWHGORZHUPHDQWRWDO3FRQFHQWUDWLRQVLQOHDFKDWHIURPDQRWKHU
VDQGVRLO0HOOE\PJ/DQGIURPWZRFOD\VRLOV/DQQDPJ/
%RUQVM|QPJ/ZKLFKWKH\DOVRUHODWHGWRKLJKHUVRUSWLRQFDSDFLW\RI
WKHUHVSHFWLYHVRLOV
7KHVHUHVXOWVDOVRVXJJHVWWKDWOHDFKLQJORDGVIURPDOOWKHVRLOVLQFOXGHGLQ
WKLV WKHVLVZHUHUHODWLYHO\ORZLQFRPSDULVRQZLWKWKRVHREVHUYHGLQSUHYLRXV
O\VLPHWHUVWXGLHVDQGLQILHOGPRQLWRULQJRI6ZHGLVKDJULFXOWXUDOVRLOV
,QGLYLGXDOO\ERWKWKHUDLQIDOOVLPXODWLRQVWXG\DQGO\VLPHWHUVWXG\SURYLGH
LPSRUWDQWLQIRUPDWLRQ7RJHWKHUWKH\SURYLGHDPRUHWKRURXJKXQGHUVWDQGLQJ
RIWKHFRPSOH[QDWXUHRI3VRUSWLRQGHVRUSWLRQLQWKHVHVRLOVDQGXOWLPDWHO\KRZ
OLNHO\WKH\DUHWROHDFKSUREOHPDWLFFRQFHQWUDWLRQVDQGORDGVRI37KHIDFWRUV
WKDW DIIHFW OHDFKLQJ ORVVHV IURP WKHVH VRLOV DUH GLVFXVVHG LQ WKH IROORZLQJ
VHFWLRQV
7DEOH P loads leached from the 17-month lysimeter study 
   &RQWURO )H  0J 
  ELRFKDU  ELRFKDU 
6RLO 7RW3 VG   VG  VG  VG
 NJKD   3KRVSKDWH3NJKD
    
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  DE 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
         
2UJDQLF D   D  QV 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 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
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/RDP F   F  † † QV 
†'DWDXQDYDLODEOH
1RWH'DWDSUHVHQWHGDUHJHRPHWULFPHDQJHRPHWULFVWDQGDUGGHYLDWLRQVG*HRPHWULFVGFDQQRW
EHDGGHGVXEWUDFWHGIURPWKHJHRPHWULFPHDQ
'LIIHUHQW OHWWHUVZLWKLQFROXPQVLQGLFDWHVLJQLILFDQWGLIIHUHQFHSQV QRWVLJQLILFDQWO\
GLIIHUHQWEHWZHHQWUHDWPHQWDQGFRQWURO
,QGLFDWHVVWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHEHWZHHQWUHDWPHQWDQGFRQWURO







 )DFWRUV DIIHFWLQJ SKRVSKRUXV OHDFKLQJ IURP RUJDQLF
VRLOV
6RLO3WHVWYDOXHV
7KH3$/H[WUDFWLRQPHWKRGKDVEHHQIRXQGWRSRWHQWLDOO\RYHUHVWLPDWHSODQW
DYDLODEOH3E\GLVVROYLQJFDOFLXPSKRVSKDWHVLQDONDOLQHVRLOVGXHWRWKHORZ
H[WUDFWLRQS+(ULNVVRQet alZKLFKLQGLFDWHVDKLJKHUSODQWDYDLODEOH3
DQGDOVRKLJKHUSRWHQWLDOWROHDFK37KLVZDVOLNHO\WKHFDVHIRUERWKPLQHUDO
VRLOVLQFOXGHGLQWKLVWKHVLVDVWKHVDQGVRLOKDVEHHQLGHQWLILHGWRFRQWDLQ&D
ERXQG36FKPLHGHUet al.DQGGXHWRWKHKLJKS+WKLVLVOLNHO\WRDSSO\
IRUWKHORDPWRR7KH3$/FRQFHQWUDWLRQIURPWKHWRFPOD\HUVZHUH
DQGPJNJ IRU WKH VDQGDQG ORDPVRLO UHVSHFWLYHO\+RZHYHU2OVHQ3
YDOXHV RI PJ NJ IRU WKH  WR FP OD\HU RI WKH VDQG VRLO ZHUH VWLOO
UHJDUGHG DV KLJK DQGPXFK KLJKHU WKDQ IRU WKH RWKHU VRLOV 7DEOH ZKLFK
VXJJHVWVWKDWWKHVRLOZDVVDWXUDWHGZLWKSODQWDYDLODEOH3LUUHVSHFWLYHRIWKHWHVW
XVHG
'LIIHUHQWVWXGLHVKDYHIRXQGYDU\LQJGHJUHHVRIFRUUHODWLRQEHWZHHQVRLO3
WHVW UHVXOWV DQG 3 OHDFKLQJ ORVVHV IURP VRLOV 'MRGMLF et al.  IRXQG QR
FRUUHODWLRQ EHWZHHQ WRSVRLO SODQWDYDLODEOH 3 3$/ DQG 2OVHQ3 DQG 3
FRQFHQWUDWLRQLQOHDFKDWHIURPPGHHSFROXPQVRIILYHGLIIHUHQWDJULFXOWXUDO
VRLOVLQ6ZHGHQ0RUHRYHU(ULNVVRQet alIRXQGWKDWQRQHRIWKHVRLO3
WHVWVWKH\XVHGZLWKGLIIHUHQWH[WUDFWLRQDJHQWVFDOFLXPFKORULGHZDWHU2OVHQ
3RU3$/FRUUHODWHGZLWKWKHPHDQDQQXDOIORZZHLJKWHGFRQFHQWUDWLRQ
 RI GLVVROYHG UHDFWLYH SKRVSKRUXV '53 LQ GUDLQDJH ZDWHU 5DLQIDOO
VLPXODWLRQGDWDIURPDOOIRXUUDLQIDOOVLPXODWLRQVDQGGHSWKVIRURUJDQLFDQG
VDQG 3DSHU , DQG IRU RUJDQLF  WKH QRQSRQGHG UHSOLFDWH RQO\ UHVXOWV QRW
LQFOXGHGLQ3DSHUZHUHXVHGLQDUHJUHVVLRQDQDO\VLVRIUHVXOWVIURPGLIIHUHQW
VRLO3PHWKRGVDQGWRWDORUSKRVSKDWH3FRQFHQWUDWLRQPHDVXUHGLQOHDFKDWHIURP
WKHFPVRLOFROXPQV7KHEHVWFRUUHODWLRQ5 SZDVEHWZHHQ
VRLOWRWDO3DQGOHDFKDWHWRWDO3FRQFHQWUDWLRQIRUWKHWZRRUJDQLFVRLOV7KHUH
ZDV D VLPLODUGHJUHHRI FRUUHODWLRQZLWKSKRVSKDWH3 LQ OHDFKDWH 5 
S$PPRQLXPDFHWDWHODFWDWHH[WUDFWLRQ3$/UHVXOWHGLQ5YDOXHVRI
EHWZHHQ  DQG  IRU ERWK WRWDO3 DQG SKRVSKDWH3 7KHVH ORZHU 3$/
YDOXHVZHUHOLNHO\GXHWRWKHKLJKHU3$/FRQFHQWUDWLRQVLQWKHWRDQG
WRFPOD\HUVWKDQLQWKHOD\HUDERYH7DEOH+RZHYHUWKHVRLOWRWDO3
YDOXHVGHFUHDVHGZLWKHDFKGHFUHDVLQJVRLOOD\HUZKLFKDOVRFRUUHVSRQGHGWRD
UHGXFHGDPRXQWRI3LQOHDFKDWHUHVXOWLQJLQDVWURQJHUFRUUHODWLRQ


5HJUHVVLRQDQDO\VLVRIWKHYROXPHZHLJKWHGDYHUDJHFRQFHQWUDWLRQRIERWK
WRWDO3DQGSKRVSKDWH3LQOHDFKDWHIURPWKHFPORQJLQWDFWVRLOFROXPQV
FPO\VLPHWHUVUHYHDOHGQRFRUUHODWLRQIRUDQ\RIWKHVRLOWHVWDSSURDFKHVWRWDO
33$/2OVHQ33R[ZLWKVWDQGDUGDQGORJJHGOHDFKDWHGDWD+RZHYHUDVRQO\
IRXU VRLOV ERWK RUJDQLF DQG PLQHUDO ZHUH SORWWHG FDXWLRQ LV QHHGHG ZKHQ
LQWHUSUHWLQJWKHUHVXOWV
'HJUHHRISKRVSKRUXVVDWXUDWLRQ'36
$OWKRXJKQRQHRIWKHVWXGLHVLQWKLVWKHVLVVRXJKWWRGHWHUPLQHWKH3VDWXUDWLRQ
FDSDFLW\RIWKHVRLOVDQGWKHUHIRUHDVVLVWLQGHWHUPLQLQJDVXLWDEOH'36WKUHVKROG
YDOXHRUJDQLFJDYHVRPHLQVLJKWVDWOHDVWIRUWKHRUJDQLFVRLOV7KHOD\HU
UHOHDVHGNJ3KDZLWKD'36RIZKHUHDVWKHOD\HUUHOHDVHG
NJKDEXWKDGDVOLJKWO\ORZHU'36YDOXHRI7DEOH7KLVVXJJHVWV
WKDWDWKUHVKROGYDOXHPD\OLHEHWZHHQWKHVHWZRYDOXHV7KHUHZDVDVWDWLVWLFDOO\
VLJQLILFDQWFRUUHODWLRQEHWZHHQWKHUDLQVLPXODWRUOHDFKDWHWRWDO3YDOXHVIRUWKH
RUJDQLFVRLOVDQG'365 8VLQJSKRVSKDWH3LQVWHDGRIWRWDO3LQWKH
UHJUHVVLRQJDYH5 :KHQWKHVDQGVRLOZDVLQFOXGHGLQWKHUHJUHVVLRQ
DQDO\VLV WKH5YDOXHGURSSHG WRDQG IRU WRWDO3DQGSKRVSKDWH3
UHVSHFWLYHO\ VXJJHVWLQJ WKDW '36 LV PRUH VXLWDEOH IRU RUJDQLF VRLOV %RWK
PLQHUDO VRLOVZHUH QRQFDOFDUHRXV EXW QHXWUDO WR DONDOLQH LQ S+ 7KLV OLNHO\
FDXVHGDQRYHUHVWLPDWLRQRIWKH3R[YDOXHVIURPWKHVHVRLOV.RRSPDQVet al.
7DEOH)RUWKLVUHDVRQPRUHVXLWDEOHH[WUDFWLRQPHWKRGVIRU3&D)H
DQG$ODWKLJKHUS+ZRXOGPRVWOLNHO\JLYHDPRUHUHDOLVWLFYDOXH
)ORZSDWKZD\V
9LVXDOYHUWLFDOFUDFNVLQWKHRUJDQLFSURILOHZHUHHYLGHQWGXULQJDQLQLWLDOVRLO
H[DPLQDWLRQEXWZHUHQRWSUHVHQWLQWKHRUJDQLFSURILOH)LJLQ3DSHU,,,
7KHVHFUDFNVOLNHO\UHVXOWHGLQE\SDVVIORZSDVWDSURSRUWLRQRIWKHSRWHQWLDOO\
DYDLODEOH3VRUSWLRQVLWHVWRFPUHJLRQ7KHFUDFNVSUREDEO\RFFXUUHG
GXHWRVKULQNDJHRIWKHVRLO6FKZlU]HOet alFDXVHGE\PRLVWXUHORVVRU
DOWHUQDWLYHO\GHFRPSRVLWLRQRIYHUWLFDOO\GHSRVLWHGRUJDQLFPDWWHUGXULQJVRLO
GHYHORSPHQW'UDLQDJHGDWDFROOHFWHGGDLO\IURPHDFKO\VLPHWHU)LJLQ3DSHU
,,,VKRZHGFKDUDFWHULVWLFSUHIHUHQWLDOIORZGUDLQDJHORVVHVZKHUHE\GUDLQDJH
RFFXUUHGLPPHGLDWHO\DIWHUDOO UDLQIDOOHYHQWVEHWZHHQ$XJXVWDQG1RYHPEHU
EXWRQO\IURPWKHRUJDQLFVRLO7KLVDOVRLQGLFDWHVWKDWHYHQZLWKDJRRG
UHJUHVVLRQ EHWZHHQ WKH FP VRLO FROXPQ 3 OHDFKDWH ORVVHV DQG '36 WKH
SUHVHQFH RI SUHIHUHQWLDO IORZ FDQ EH DQ RYHUULGLQJ IDFWRU ZKHQ LW FRPHV WR
SUHGLFWLQJ3OHDFKLQJIURPRUJDQLFVRLOV 


2UJDQLF PDWWHU FRPSHWLWLRQ ZLWK SRWHQWLDO 3 VRUSWLRQ
VLWHV
$OWKRXJK RUJDQLF DFLGV ZHUH QRW GLUHFWO\ PHDVXUHG LQ WKLV WKHVLV LW FDQ EH
K\SRWKHVLVHGWKDWWKHSUHVHQFHRIRUJDQLFDFLGVDQGVXEVHTXHQWFRPSHWLWLRQZLWK
3 IRU VRUSWLRQ VLWHV FRXOG H[SODLQ WKH KLJK 3 ORVVHV IURP RUJDQLF  LQ WKH
O\VLPHWHUVWXG\7KLVVRLOKDGDYDLODEOHVRUSWLRQVLWHVORZ'36LQORZHUVRLO
OD\HUV7DEOHDQGQRLQGLFDWLRQRISUHIHUHQWLDOIORZDVLQRUJDQLF$OWKRXJK
QRWPHDVXUHGLQWKHO\VLPHWHUVWXG\'2&DPHDVXUHRIWKHGLVVROYHGRUJDQLF
IUDFWLRQ RI WKH WRWDO RUJDQLF FDUERQ SUHVHQW LQ WKH OHDFKDWHZDV OLNHO\ WR EH
KLJKHULQWKHWZRRUJDQLFVRLOV)LJ$DQG%DQGDOVRVOLJKWO\KLJKHULQWKH
VDQGVRLO)LJ&WKDQLQWKHORDP)LJ'7KLVDVVXPSWLRQFDQEHPDGH
EDVHG RQ FRPSDULVRQ RI WKH FRORXU RI WKH OHDFKDWHV IURP WKH O\VLPHWHU DQG
UDLQIDOO VLPXODWLRQ VWXGLHV FRPSDUH )LJ  ZLWK )LJ  ZLWK '2& YDOXHV
PHDVXUHGLQWKHODWWHU7DEOH7KHVHKLJK'2&FRQFHQWUDWLRQVFRXOGOHDGWR
WKH DERYHPHQWLRQHG FRPSHWLWLRQ ZLWK SKRVSKDWH DQLRQV IRU VRUSWLRQ VLWHV
LQFUHDVLQJ3FRQFHQWUDWLRQVLQOHDFKDWH

Figure 8. &RORXURIOHDFKDWHIURPWKHFRQWUROO\VLPHWHUVFRQWDLQLQJ$RUJDQLF
%RUJDQLF&VDQG'ORDP





'LVVROYHG RUJDQLF FDUERQ UHOHDVH XQGHU KLJK UDLQIDOO
LQWHQVLW\
$QRQVWDWLVWLFDOO\VLJQLILFDQWEXWYLVXDOO\DSSDUHQWLQFUHDVHLQ3FRQFHQWUDWLRQ
DQG ORDG IURP WKH RUJDQLF  DQG VDQG VRLOVZDV QRWHG DW VXFFHVVLYH UDLQIDOO
VLPXODWLRQV )LJ  $W WKH VDPH WLPH D GLVWLQFW FKDQJH LQ OHDFKDWH FRORXU
RFFXUUHGIRUDOOVRLOVIURPVLPXODWLRQWR)LJ$QLQLWLDOH[SODQDWLRQRI
WKH LQFUHDVH LQ 3 FRQFHQWUDWLRQ ZDV DV DQ HIIHFW RI UHGXFLQJ DQDHURELF
FRQGLWLRQVFDXVLQJUHGXFWLYHGLVVROXWLRQRI)HERXQGWR3+RZHYHUDV7DEOH
VKRZVWKHUHZDVDSURJUHVVLYHLQFUHDVHLQVROXWLRQRIQRQUHGXFWLRQR[LGDWLRQ
UHGR[VHQVLWLYH$OIURPVLPXODWLRQWRZKLFKVXJJHVWVWKHSUHVHQFHRIDQ
DGGLWLRQDORUDFRPSOHWHO\GLIIHUHQWPHFKDQLVP$QDOWHUQDWLYHK\SRWKHVLVLV
WKDW 3 GLVVROXWLRQ LQFUHDVHG RYHU WLPH GXH WR WKH ORZ LRQLF VWUHQJWK RI WKH
DUWLILFLDOUDLQZDWHUDSSOLHGLQERWKODUJHDPRXQWVDQGDWKLJKLQWHQVLW\PP
RYHUGD\VDSSOLHGDWPPKLQWKHUDLQIDOOVLPXODWRUVWXG\,QDVWXG\
E\&KRZet al.ZKRVXEMHFWHGVXUIDFHOD\HUVRISHDWVRLOWRDUDQJHRI
GLIIHUHQW VDOLQH FRQFHQWUDWLRQV LQ D ODERUDWRU\ H[SHULPHQW LW ZDV IRXQG WKDW
GLVWLOOHGZDWHUORZLRQLFVWUHQJWKUHOHDVHGWKHKLJKHVWDPRXQWRI'2&7KDW
VWXG\ DOVR VKRZHG WKDW DW KLJKHU VDOLQH FRQGLWLRQV LQ SULQFLSOH KLJKHU LRQLF
VWUHQJWK '2& IORFFXODWHG ZLWK PHWDO FDWLRQV )ROORZLQJ WKLV IORFFXODWLRQ
FDWLRQEULGJLQJEHWZHHQWKHPHWDODQGSKRVSKDWHFRXOGSRWHQWLDOO\RFFXU
(YHQWVVXSSO\LQJKLJKUDLQIDOOZKLFKKDVDORZLRQLFVWUHQJWKDVLQWKHUDLQ
VLPXODWRUVWXG\FRXOGGHVWDELOLVHDQGUHOHDVHLQWRVROXWLRQ'2&DORQJZLWKWKH
ERXQG )H DQG $O DQG DVVRFLDWHG SKRVSKDWH 7KLV ZDV YHULILHG LQ DGGLWLRQDO
DQDO\VLV RI OHDFKDWH IURP WKH UDLQ VLPXODWLRQ VWXG\ZKLFK VKRZHG D JHQHUDO
LQFUHDVH LQ )H $O PDQJDQHVH 0Q '2& DQG SKRVSKDWH3 DIWHU HDFK
VXEVHTXHQWUDLQIDOOVLPXODWLRQHYHQW7DEOH2QHHOHPHQWWKDWFRQWUDGLFWHG
WKLV LQFUHDVLQJ UHOHDVH WUHQG ZDV FDOFLXP &D IRU ZKLFK D GHFUHDVH LQ
FRQFHQWUDWLRQZDVREVHUYHGDIWHUHDFKVXEVHTXHQWUDLQIDOOVLPXODWLRQIRUERWK
RUJDQLFDQGWKHVDQG&DOFLXPFDQDOVREHLQYROYHGLQFDWLRQEULGJLQJDQGLQ
ORZHULQJWKHVXUIDFHFKDUJHGHQVLW\RIRUJDQLFPROHFXOHVZKLFKKDVEHHQIRXQG
WRUHGXFHWKHVROXELOLW\RIGLVVROYHGRUJDQLFPDWWHU7LSSLQJDQG:RRI
.DOELW] et al.  $ SRWHQWLDO VFHQDULR LV WKDW ZKHQ ODUJH DPRXQWV RI
UDLQZDWHUDUHDSSOLHGWKHVRLODWWHPSWVWRPDLQWDLQHTXLOLEULXPIROORZLQJDODUJH
UHGXFWLRQLQWKHLRQLFVWUHQJWKRIWKHVRLOVROXWLRQ$VHDVLO\VROXEOH&DLVTXLFNO\
ORVWDQGUHSOHQLVKPHQWLVQRWIDVWHQRXJKWKLVPD\KDYHFDXVHGDUHGXFWLRQLQ
VROXWLRQ LRQLF VWUHQJWK WKHUHE\PRELOLVLQJ'2& DQG DWWDFKHG )H$O DQG 3
+RZHYHU LW LV QRW FOHDUZK\ RUJDQLF  UHSOLFDWHV  DQG  VKRZHG D VOLJKW
LQFUHDVHLQ&DFRQFHQWUDWLRQDIWHUVXEVHTXHQWVLPXODWLRQV,WPD\EHUHODWHGWR
WKH SRQGLQJZDWHUORJJLQJ HIIHFW WKDW RFFXUUHG RQO\ RQ WKHVH WZR UHSOLFDWHV
DOWKRXJKWKLVLVXQFHUWDLQ


Figure 9. /HDFKDWHIURPRUJDQLFUHSOLFDWHV$&RUJDQLFUHSOLFDWH'DQG
VDQG  UHSOLFDWH ( IROORZLQJ UDLQIDOO VLPXODWLRQV  3RQGLQJ RFFXUUHG RQ
UHSOLFDWHVDQGRIRUJDQLF$%IRUVLPXODWLRQVDQG
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Table 5 Results of leachate analysis from the rainfall simulation study (Paper I) and unpublished 
data  
6RLO 5HS 6LP 7RW3
&RQF
'2& &D )H $O 0Q
     PJ/  
2UJDQLF        
        
  †      
  †      
2UJDQLF        
        
  †      
  †      
2UJDQLF        
        
        
        
2UJDQLF        
        
        
        
2UJDQLF        
        
        
        
6DQG        
        
        
        
6DQG        
        
        
        
†SRQGLQJRFFXUUHG







(IIHFWVRIUHGXFLQJFRQGLWLRQVRQ3OHDFKLQJ
,QWKHUDLQIDOOVLPXODWLRQH[SHULPHQWRUJDQLFH[SHULHQFHGSRQGLQJFRQGLWLRQV
RQWKHVXUIDFHRIWZRRIWKUHHUHSOLFDWHVGXULQJWKHVHFRQGDQGWKLUGVLPXODWLRQ
HYHQWV $OWKRXJK WKLV ZDV RQO\ D YLVXDO REVHUYDWLRQ DQG WKHUH ZDV QR
LQYHVWLJDWLRQRIZKHWKHUDQDHURELFFRQGLWLRQVRFFXUUHGWKH3FRQFHQWUDWLRQLQ
OHDFKDWHGLGLQFUHDVHVXEVWDQWLDOO\7DEOH)RUWKHSRQGHGUHSOLFDWHVDQG
RIRUJDQLFWKH3FRQFHQWUDWLRQLQFUHDVHGIURPWRPJ/DQGWR
 PJ / FRPSDUHG ZLWK DQ LQFUHDVH IURP  WR PJ 3 / IRU WKH
XQSRQGHGUHSOLFDWH7DEOHZKLFKVXJJHVWVWKHSUHVHQFHRIDQDGGLWLRQDO3
UHOHDVHPHFKDQLVP7KHLQFUHDVHLQ)HDQG0QZKLFKDUHERWKUHGR[VHQVLWLYH
IURPUDLQIDOOVLPXODWLRQVWR7DEOHVXJJHVWVUHGXFWLYHGLVVROXWLRQRI)H
ERXQG3,QFRQWUDVWDODUJHLQFUHDVHLQ3IURPWKHVDQGDOVRRFFXUUHGEXWD
UHVXOWLQJGHFUHDVHLQ0QLQVROXWLRQEHWZHHQVLPXODWLRQVDQGVXJJHVWVWKLV
ZDVQRWGXHWRUHGXFWLYHGLVVROXWLRQ,QWKHFDVHRIWKHUDLQIDOOVLPXODWLRQVWXG\
WKHKLJKDPRXQWRIRUJDQLFFDUERQRU'2&DV DQHQHUJ\VRXUFH IRURUJDQLF
PDWWHUPLQHUDOLVDWLRQDQGZDUPWHPSHUDWXUHa&VXJJHVWWKDWVRLOR[\JHQ
OHYHOVFRXOGEHGHSOHWHGUHODWLYHO\TXLFNO\SURGXFLQJDQDHURELFFRQGLWLRQVDQG
SRWHQWLDOO\ WKH DELOLW\ WR UHGXFH )H DQG WKHUHIRUH UHOHDVH DVVRFLDWHG 3 LQWR
VROXWLRQ
 %LRFKDUWRPLWLJDWHSKRVSKRUXVOHDFKLQJORVVHV
0HWDOR[LGHFRDWLQJRIELRFKDU
7KH XQFRDWHG DQG PHWDOFRDWHG ELRFKDUV ZHUH FRPSDUHG LQ D EDWFK
DGVRUSWLRQ VWXG\ 3DSHU ,, 7KH/DQJPXLUPRGHO IRU GHWHUPLQLQJPD[LPXP
DGVRUSWLRQ FDSDFLW\ ZDV DSSOLHG WR WKH )HFRDWHG EDWFK DGVRUSWLRQ GDWD DQG
UHVXOWLQJLQD4PD[ PJ3J$OWKRXJKWKHPRGHOZDVQRWDSSOLHGWRWKH
XQFRDWHGGDWD3DSHU,,)LJVKRZHGDSKRVSKDWH3DGVRUSWLRQRIFORVHWRPJ
J $Q LPSURYHPHQW LQ DGVRUSWLRQ LV FRPPRQO\ IRXQG ZLWK )HFRDWLQJ RI
ELRFKDUe.gDQGPJ3JIRUXQFRDWHGDQGFRDWHGPDL]HFREV
DQGPJ3JIRUXQFRDWHGDQGFRDWHGJDUGHQZRRGUHVLGXHVDQG
PJ3JIRUXQFRDWHGDQGFRDWHGZRRGFKLSV0LFKiOHNRYi5LFKYHLVRYiet al.
DQGDQGPJ3JIRUXQFRDWHGDQGFRDWHGFRWWRQVWDONV5HQet al.
,QDOOXQWUHDWHGFDVHVWKHUDZELRFKDUIXQFWLRQHGSRRUO\DVD3ILOWHUEXW
WKH )HFRDWLQJ JUHDWO\ LPSURYHG WKH HIIHFWLYHQHVV 7KH FDXVH RI WKH KLJKHU
DGVRUSWLRQ FDSDFLW\ RI WKH ELRFKDU LQ WKLV WKHVLV FRPSDUHG ZLWK ELRFKDUV
H[DPLQHGLQSUHYLRXVVWXGLHVLVXQFHUWDLQEXWWKHSKRVSKDWHFRQFHQWUDWLRQDQG


S+RI WKHVROXWLRQZKHQFRQGXFWLQJDGVRUSWLRQVWXGLHVGLVFXVVHGEHORZDUH
OLNHO\UHDVRQV
7KH4PD[RIWKH0JFRDWHGELRFKDUPJ3JVKRZHGQHDUO\IROG
KLJKHUDGVRUSWLRQFRPSDUHGZLWK WKH)HFRDWHGELRFKDU$FRDWLQJRI0JRQ
ELRFKDU VXUIDFHV KDV EHHQ WHVWHG LQ VHYHUDO SUHYLRXV VWXGLHV ZKLFK UHSRUWHG
/DQJPXLUPD[LPXP3DGVRUSWLRQFDSDFLW\UHVXOWVRIPJJ=KDQJet 
al.PJJ3DUNet al.PJJ&XLet al. DQG
PJJ;Xet al.7KHUHLVWKXVDZLGHYDULDWLRQEXWLQJHQHUDOELRFKDUV
FRDWHGZLWK0JVHHP WRDGVRUEPRUHSKRVSKDWH WKDQ WKH)HFRDWHGELRFKDUV
SUHVHQWHGDERYH+RZHYHUZLWKRXWGLUHFWFRPSDULVRQVEHWZHHQFRDWLQJVZLWKLQ
WKHVDPHH[SHULPHQW LW LVGLIILFXOW WRNQRZZKHWKHU LW LV WKHFRDWLQJLWVHOIRU
DQRWKHUIDFWRUWKDWLVUHVSRQVLEOHIRUWKHGLIIHUHQFHVLQDGVRUSWLRQFDSDFLW\7R
H[DPLQHWKLV;Xet alFRPSDUHG0J&D$ODQG)HFRDWHGZDVWHZRRG
ELRFKDUV DQG FRQFOXGHG WKDW WKH0JFRDWHGELRFKDU KDGE\ IDU WKHKLJKHVW 3
UHPRYDO HIILFLHQF\  FRPSDUHG ZLWK EHORZ  IRU WKH UHVW 7KLV ZDV
LQIOXHQFHG E\ WKH 0J&O FRQFHQWUDWLRQ XVHG LQ FRDWLQJ WKH ELRFKDU ZLWK 3
UHPRYDOUDWHLQFUHDVLQJIURPWRDVWKHFRQFHQWUDWLRQLQFUHDVHGIURP
WR0
$OWKRXJKQRWLQYHVWLJDWHGLQWKLVWKHVLVUHPRYDORISKRVSKDWHE\0JFRDWHG
ELRFKDUKDVEHHQIRXQGWRRFFXUYLDWZRPHFKDQLVPVSUHFLSLWDWLRQRISKRVSKDWH
WKURXJK WKH UHDFWLRQZLWK0JR[LGHV <DRet al.&XLet al.DQG
VXUIDFH DGVRUSWLRQZLWK WKH ODWWHU VHHQ DV WKH GRPLQDQWPHWKRG <DR et al.

7KHUHDVRQIRUWKHJHQHUDOLQFUHDVHLQDGVRUSWLRQZKHQXVLQJ0JUDWKHUWKDQ
)HZDVQRWLQYHVWLJDWHGLQWKLVWKHVLV+RZHYHUWKHUHZDVRQHK\SRWKHVLVIRUWKH
QRWLFHGLQFUHDVHLQHIIHFWLYHQHVVZKHQDGGLQJDFRDWLQJFRQWDLQLQJ0JYVRQH
ZLWK )H ZKLFK PD\ RU PD\ QRW FRQWULEXWH WR WKH JHQHUDO WUHQG VHHQ 7KH
K\SRWKHVLVLVEDVHGRQWKHS+OHYHODWZKLFKWKHFRDWLQJVXUIDFHRQDYHUDJH
EHFRPHV QHXWUDO WKH VRFDOOHG SRLQW RI ]HUR FKDUJH S+S]F )RU D PDJQHWLWH
VDPSOHS+S]F ZKLFKLVFRQWUDVWHGE\WKHRQHIRUPDJQHVLXPK\GUR[LGHV
DW S+S]F JUHDWHU WKDQ  .RVPXOVNL  $OO PHDVXUHG S+ OHYHOV LQ WKH
O\VLPHWHUVDQGOLNHO\PRVWLQWKHODERUDWRU\ZHUHEHORZWKHOLNHO\S+S]FIRUWKH
0JFRDWHGELRFKDUPHDQLQJ WKDW WKHVXUIDFHZLOOEHSRVLWLYHO\FKDUJHG WKXV
DEOHWRIRUPDQHOHFWURVWDWLFDWWUDFWLRQZKLFKVLJQLILFDQWO\LQFUHDVHVWKHFKDQFHV
IRUELQGLQJDQ\RI WKHDQLRQLFIRUPVRISKRVSKDWH ,QDGGLWLRQDOOSKRVSKDWH
LRQV KDYH WKH DELOLW\ WR IRUP LQQHUVSKHUH FRPSOH[HVZKLFK DUHPXFKPRUH
VWURQJO\ERXQGWKDQRXWHUVSKHUHRQHVZKLFKLQWXUQDUHPXFKPRUHVWURQJO\
ERXQGWKDQWKRVHORRVHO\ERXQGDGVRUEHGGLIIXVHLRQV6WXPP
 7KLVGLIIHUHQFHLQPD[LPXPDGVRUSWLRQEHWZHHQWKHWZRPHWDOVPD\QRWEH
VROHO\ H[SODLQHG E\ WKH DFWXDO FRDWLQJ DV WKH S\URO\VDWLRQ WHPSHUDWXUH DQG


IHHGVWRFNZHUHDOVRGLIIHUHQWEHWZHHQWKHELRFKDUVXVHGLQWKLVWKHVLV+RZHYHU
EDVHGRQUHVXOWVIURPD0JFRDWHGEDWFKDGVRUSWLRQSUHVWXG\WKHGLIIHUHQFHLQ
IHHGVWRFN LVXQOLNHO\ WRKDYHDVLJQLILFDQWHIIHFW7KLVSUHVWXG\ZDV LQLWLDOO\
XVHGWRGHWHUPLQHZKLFKRIWKHSRWHQWLDOELRFKDUVDYDLODEOHZRXOGIXQFWLRQEHVW
IRUUHPRYLQJSKRVSKDWHIURPDTXHRXVVROXWLRQDQGDOVRWRGHWHUPLQHWKHPRVW
HIIHFWLYH0J FRQFHQWUDWLRQ 7KH UHVXOWV FOHDUO\ VXJJHVWHG WKDW WKH IHHGVWRFN
FKRLFHZDV LUUHOHYDQW DQG WKDW WKHKLJKHVW FRQFHQWUDWLRQRIPHWDOR[LGH DOVR
XVHG LQ DOO IROORZXS H[SHULPHQWV ZDV WKH PRVW LPSRUWDQW IRU HIIHFWLYH
SKRVSKDWH UHPRYDO )LJ 7KHVH UHVXOWV DOVR FRQILUP ILQGLQJV IRU WKH)H
FRDWHGELRFKDU3DSHU,,DQGWKHYLHZRI6L]PXUet al.WKDWELRFKDULV
only a “porous carbon scaffold upon which metal oxides are precipitated to 
increase the surface area of the metal oxide”. 
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Figure 10.%DWFKFRPSDULVRQRIWKUHHELRFKDUIHHGVWRFNVZLWK0JFRDWLQJDWWZRFRQFHQWUDWLRQV
ZLWKRUZLWKRXWFRDWLQJLQDPJ3/EXIIHUVROXWLRQ%HWIRULVDVXJDUEHHWSURGXFWS\URO\VHG
DW&6:3LVDVRIWZRRGELRFKDUSURGXFHGE\WKH8.%LRFKDU5HVHDUFK&HQWUHS\URO\VHG
at 700 °C, and ‘Ecoera’ is comprised of agricultural residues pyrolysed at 600 °C. Error bars 
LQGLFDWHVWDQGDUGGHYLDWLRQQ 
3\URO\VLVWHPSHUDWXUH
7KH FRDWHG 6NRJHQV NRO ELRFKDU XVHG LQ WKLV WKHVLV ZDV QRW IXUWKHU KHDW
WUHDWHGSDVWWKHRULJLQDOS\URO\VLVWHPSHUDWXUHUDQJHRI&+RZHYHU
WKH(FRHUDZDVUHS\URO\VHGDW&DOWKRXJK WKHHIIHFWHLWKHUSRVLWLYHRU


QHJDWLYHIRUSKRVSKDWHDGVRUSWLRQZDVQRWWHVWHG3DUNet alIRXQGWKDW
SKRVSKDWHDGVRUSWLRQLQFUHDVHGZLWKS\URO\VLVWHPSHUDWXUHRIVHVDPHVHHGVWUDZ
ELRFKDULQWKHRUGHU&!&!&!&$VWKHWHPSHUDWXUH
LQFUHDVHGWKH\LHOGRIELRFKDUGHFUHDVHGIURPDW&WRDW&
GXHWRWKHORVVRIYRODWLOHPDWWHUDQGWKHJDVHVFDUERQGLR[LGHFDUERQPRQR[LGH
&2K\GURJHQ+DQGPHWKDQH&+3DUNet alDUHVXOWDOVRIRXQG
ZLWKPDL]HVWUDZE\&KHQet al3DUNet alDOVRQRWHGDQLQFUHDVH
LQ VXUIDFH DUHD IURP  WR  P J DQG LQ WRWDO SRUH YROXPH ZLWK D
WHPSHUDWXUHLQFUHDVHIURP&WR&7KLVFRLQFLGHGZLWKDQLQFUHDVHLQ
SKRVSKDWH DGVRUSWLRQ WR WKHLU ELRFKDU$QRWKHUSRVVLEOH H[SODQDWLRQFRXOGEH
WKDWZKHQS\URO\VLVWHPSHUDWXUHLQFUHDVHVLWUHGXFHVRUJDQLFPDWWHUFRQWHQWEXW
WKHPLQHUDOFRQWHQWSHUXQLWZHLJKWLQFUHDVHVDQGVLQFHSKRVSKDWHJHQHUDOO\
DGVRUEVWRWKLVIUDFWLRQWKLVPD\OHDGWRDQLQFUHDVHLQSKRVSKDWHDGVRUSWLRQRQ
DSHUJUDPEDVLV&RPSDULQJWKHWZRXQFRDWHGELRFKDULQWKLVWKHVLV7DEOH
WKHXQFRDWHG6NRJHQVNROKDGWZLFHWKHVXUIDFHDUHDRIWKHXQFRDWHG(FRHUD
FRPSDUHGZLWKPJ$IWHUFRDWLQJWKHELRFKDUVXUIDFHDUHDGHFUHDVHGWRD
SRLQWZKHUH6NRJHQVNROKDGRQO\PJPRUHWKDQ(FRHUD,QVSLWHRIWKLV
WKH0JFRDWHG(FRHUDVWLOODGVRUEHGPRUHSKRVSKDWHWKDQWKH)HFRDWHG6NRJHQV
NRO ELRFKDU7KLV VXJJHVWV WKDW VXUIDFH DUHDZKLFK LV RIWHQ D GLUHFW UHVXOW RI
S\URO\VDWLRQWHPSHUDWXUHLVLPSRUWDQWEXWWKDWWKHW\SHRIFRDWLQJLVHYHQPRUH
LPSRUWDQW
6ROXWLRQS+
7KH3DGVRUSWLRQLQWKHEDWFKSUHVWXG\ZDVPJJELRFKDU)LJZKLFK
ZDVKDOIWKHPHDVXUHG3DGVRUSWLRQRIWKH0JFRDWHGELRFKDULQ3DSHU,,,
PJ3JELRFKDUDWWKHVDPHPD[LPXPVROXWLRQFRQFHQWUDWLRQRIDURXQG
PJ3/7KLVZDVOLNHO\GXHWRWKHORZHUS+XVHGLQ3DSHU,,,FRPSDUHG
ZLWK WKDW S+  XVHG LQ WKH SUHVWXG\ D FRPPRQ ILQGLQJ LQ SKRVSKDWH
DGVRUSWLRQH[SHULPHQWV0LFKiOHNRYi5LFKYHLVRYiet al.1JX\HQet al.
 IRXQG WKDW RQ LQFUHDVLQJ WKH S+ IURP WR  SKRVSKDWH DGVRUSWLRQ
GHFUHDVHGIURPWRLQVR\DEHDQPLONE\SURGXFWVWUHDWHGZLWK)H,,,
7KLVZDVH[SODLQHGE\DQLQFUHDVHLQ2+LRQVDWKLJKHUS+FDXVLQJDQLQFUHDVH
LQ QHJDWLYH FKDUJH DQG WKHUHIRUH FRPSHWLWLRQ ZLWK WKH QHJDWLYHO\ FKDUJHG
SKRVSKDWHLRQV$VLQGLFDWHGSUHYLRXVO\WKHS+S]FRIERWK0J2DQG0J2+
LVJUHDWHUWKDQ7KHUHIRUH0J2DQG0J2+VXUIDFHVVKRXOGEHSRVLWLYHO\
FKDUJHG DW QDWXUDOO\ RFFXUULQJ VRLO S+ YDOXHV DQG VKRXOG WKHUHIRUH DGVRUE3
WKURXJKHOHFWURVWDWLFDWWUDFWLRQ=KDQJet al.2QWHVWLQJDUDQJHRIS+
YDOXHV  .ULVKQDQ DQG+DULGDV  IRXQG WKDW  S+ ZDV WKHPRVW
HIIHFWLYH IRU DGVRUELQJ SKRVSKDWH IURP DTXHRXV VROXWLRQ $ SUHH[SHULPHQW


FDUULHGRXWLQ3DSHU,,VHH6XSSOHPHQWDU\)LJXUH6LQ3DSHU,,LGHQWLILHGD
GLVWLQFWUHODWLRQVKLSEHWZHHQS+DQGSKRVSKDWHDGVRUSWLRQWR)HFRDWHGELRFKDU
ZKHUHE\ 3 DGVRUSWLRQ GHFUHDVHG IURP  WR PJ J ELRFKDU DV WKH S+
LQFUHDVHGIURPWR$VLPLODUH[SHULPHQWZDVDWWHPSWHGLQ3DSHU,,,ZKLFK
XVHGEUXFLWHFRDWHGELRFKDU LQD3EXIIHUVROXWLRQZLWKDS+UDQJHIURP
+RZHYHU WKHS+RI WKHEXIIHUVROXWLRQFRQVWDQWO\UHWXUQHGWRDURXQGS+
GXULQJ WHVWLQJ LQ WKHPRUH DFLG EXIIHU VROXWLRQV GXH WR WKH VWURQJ EXIIHULQJ
FDSDFLW\ RI WKH 2+ LRQV IURP WKH 0JFRDWLQJ LQFUHDVLQJ WKH VROXWLRQ S+
&RQVHTXHQWO\WKHH[SHULPHQWDOUHVXOWVZHUHXQXVDEOHDQGWKHUHIRUHXQDEOHWR
FRQILUP WKDWS+ LV LPSRUWDQW IRUSKRVSKDWHDGVRUSWLRQDV IRXQG LQ WKHVWXG\
XVLQJ )HFRDWHG ELRFKDU+RZHYHU LI WKH VXUIDFH FRDWLQJ LV DIIHFWHG E\ DFLG
FRQGLWLRQVWKLVPD\VXJJHVWDQLVVXHZLWKXVLQJWKLV0JFRDWHGELRFKDUSURGXFW
LQ DFLG VRLOV DV LW FRXOG SRWHQWLDOO\ GLVVROYH WKH 0JFRDWLQJ XQGHU WKHVH
FRQGLWLRQVUHVXOWLQJLQDSURGXFWZLWKDUHGXFHGHIIHFW
0HWDOXVHHIILFLHQF\
7KHHIILFLHQF\RI)H DSSOLHG UHODWLYH WR WKH DPRXQWRI SKRVSKDWHERXQGZDV
VWXGLHGRQO\LQ3DSHU,,XVLQJ)HFRDWHGELRFKDUDQGWKHUHIRUHQRFRPSDULVRQV
EHWZHHQWKHWZRELRFKDUFRDWLQJVZHUHSRVVLEOH/DERUDWRU\ORVVHVRI)HIURP
WKDWELRFKDUZHUHDVKLJKDVEXWWKUHH\HDUO\VLPHWHUORVVHVZHUHRQO\
ZKLFKVXJJHVWVWKDWKDUVKHUSK\VLFDODEUDVLRQIURPODERUDWRU\VKDNLQJPHWKRGV
ZDVOLNHO\UHVSRQVLEOHIRUWKHLQFUHDVHGODERUDWRU\ORVVHV7KHORVVRIVXUIDFH
FRDWLQJKDVEHHQIRXQGWREHDVLJQLILFDQWLVVXHLQFRDWLQJELRFKDU6KLQet al.
$VWKHPDLQDGVRUSWLRQPHFKDQLVPRIWKHELRFKDULVWKURXJKWKHPHWDO
R[LGH FRDWLQJ DQ\ VLJQLILFDQW ORVVHV ZLOO KDYH D VXEVWDQWLDO HIIHFW RQ WKH
HIIHFWLYHQHVVRI3UHPRYDO7KLVZDVFRQILUPHGE\1JX\HQet al.ZKR
QRWHG WKDW DV )H ,,, FRQFHQWUDWLRQ LQFUHDVHG IURP  WR  J / ELRFKDU
SKRVSKDWHDGVRUSWLRQLQFUHDVHGIURPWRZKLFKZDVVXJJHVWHGWREHGXH
WRPRUHDYDLODEOHELQGLQJVLWHV
7KHDFWXDOPRODUUDWLRRI)HXVHGWRSKRVSKDWHERXQG)H3ZDVFDOFXODWHG
WREHORZHVWDPRXQWRI3ERXQGSHUDPRXQWRI)HXVHGSRVW)HFRDWLQJ
DQG  KLJKHVW DIWHU WKH EDWFK DGVRUSWLRQ VWXGLHV 7KH SRVW WKUHH\HDU
O\VLPHWHU VWXG\ UDWLR RI  ZDV YHU\ ORZ DQG LOOXVWUDWHV WKH SRRU ILHOG
HIILFLHQF\RIWKLVFRDWHGELRFKDU$VWKH)HFRQFHQWUDWLRQRQWKHELRFKDUZDV
UHGXFHGIURPWRPPROFPDWWKHHQGRIWKHWKUHH\HDUVWXG\LWZDV
FRQFOXGHG WKDW WKHSHUVLVWHQFHRI  )HZDVQRW WKHPDLQ LVVXH EXW LQVWHDG LWV
DELOLW\ WR DGVRUE DQGRU UHWDLQ SKRVSKDWH 7KH HIIHFW RI ILHOG FRQGLWLRQV LQ
UHGXFLQJWKHSKRVSKDWHUHPRYDOHIILFLHQF\ZDVOLNHO\GXHWRWKHORZHUSKRVSKDWH
FRQFHQWUDWLRQLQWKHVRLOVROXWLRQZKLFKUDQJHGIURPWRPJ3/LQ


WKHWKUHH\HDUVWXG\FRPSDUHGZLWKDPD[LPXPRIPJ3/LQWKHEDWFK
DGVRUSWLRQ VWXG\ &RPSHWLWLRQ IRU VRUSWLRQ VLWHV IURP RUJDQLF DFLGV UHOHDVHG
IURPWKHRUJDQLFVRLOVDVGLVFXVVHGLQVHFWLRQRI WKLV WKHVLVZDVDOVRD
OLNHO\UHDVRQIRUWKHUHGXFHGSKRVSKDWHUHPRYDOHIILFLHQF\$QRWKHUH[SODQDWLRQ
LVWKHSDUWLFOHVL]HRIPPXVHGLQWKHEDWFKDGVRUSWLRQVWXGLHVFRPSDUHG
ZLWKPP LQ WKH O\VLPHWHUV$ VPDOOHUSDUWLFOH VL]HZRXOGJLYH DQRYHUDOO
ODUJHUVXUIDFHDUHDDQGWKHUHIRUHPRUHSRWHQWLDODGVRUSWLRQVLWHVJLYLQJDJUHDWHU
DGVRUSWLRQSRWHQWLDO
)LHOGO\VLPHWHUSHUIRUPDQFH
)RU D PLWLJDWLRQ VWUDWHJ\ WR EH VXFFHVVIXO LW QHHGV WR SHUIRUP ZHOO LQ WKH
ODERUDWRU\DQG WKHQ LWVHQGXVHQHHGV WREH WHVWHGDW ODUJHU VFDOHXQGHUPRUH
ILHOGOLNH FRQGLWLRQV WR JLYH D IXOO HYDOXDWLRQ RI LWV IXQFWLRQ $ XQLTXH
FRPSRQHQWRIWKLVWKHVLVZRUNLQFRPSDULVRQZLWKRWKHUVWXGLHVRQELRFKDULV
WKDW ELRFKDU SHUIRUPDQFH ZDV WHVWHG LQ ERWK WKH ODERUDWRU\ DQG LQ ILHOG
O\VLPHWHUV 3KRVSKDWH3 ZDV WKH RQO\ 3 VSHFLHV H[DPLQHG LQ WKH ODERUDWRU\
VWXGLHVDQGZDVWKHUHIRUHWKHRQO\3VSHFLHVGHVFULEHGLQUHODWLRQWRWKHELRFKDUV
)XUWKHUPRUH SKRVSKDWH3 ZDV WKH PRVW FRPPRQ VSHFLHV RI 3 IRXQG LQ WKH
OHDFKDWHIURPWKHRUJDQLFVRLOV3DSHUV,,,,7KHSKRVSKDWHFRQFHQWUDWLRQDQG
ORDGZHUHRIWHQIRXQGWREHORZHUZLWKXVHRIHLWKHUELRFKDURQHDFKOHDFKDWH
VDPSOLQJRFFDVLRQ+RZHYHUWKHHIIHFWVZHUHVHOGRPVWDWLVWLFDOO\GLIIHUHQWIURP
WKRVHRIWKHUHVSHFWLYHFRQWUROVIRUDQ\RIWKHVRLOVVWXGLHG$IWHUWKUHH\HDUV
VLJQLILFDQWO\ORZHUFXPXODWLYHSKRVSKDWHORDGVZHUHRQO\IRXQGWREHOHDFKHG
IURPWKHRUJDQLFVRLO)HFRDWHGELRFKDUWUHDWPHQWFRPSDUHGZLWKWKHFRQWURO
7KLVZDVVXUSULVLQJDVWKHSKRVSKDWHFRQFHQWUDWLRQZDVRIWHQKLJKHULQOHDFKDWH
IURPRUJDQLFWKDQRUJDQLFDQGDVELRFKDUDGVRUEVPRUHSKRVSKDWHDWKLJKHU
3FRQFHQWUDWLRQVDVVKRZQE\WKHEDWFKDGVRUSWLRQVWXGLHVLQ3DSHUV,,DQG,,,
DQGFRPPRQO\IRXQGLQVLPLODUELRFKDUDUWLFOHVe.g&XLet al.DQG;X
et al.  $ VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH 0JFRDWHG
ELRFKDU DQG FRQWURO WUHDWPHQWZDV DOVR IRXQG RQO\ IRU RUJDQLF  3DSHU ,,,
+RZHYHUWKHRUJDQLF0JFRDWHGELRFKDUWUHDWPHQWFRPSDUHGWRWKHFRQWURO
KDGDSYDOXHRI3DSHU,,,)LJ%ZKLFKVXJJHVWVLWZDVFORVHWREHLQJ
VLJQLILFDQWSDQGWKDWYDULDWLRQEHWZHHQWKHUHSOLFDWHVGXHWRORZQXPEHU
RIUHSOLFDWHVQ ZDVOLNHO\DQLVVXH
,QRUGHUWRFRPSDUHWKHWZRELRFKDUVDQGWKHLUUHVSHFWLYHSHUIRUPDQFHDVD
3 ILOWHU WKH )HFRDWHG ELRFKDU GDWDVHW ZDV UHVWULFWHG WR WKH VDPH PRQWK
GXUDWLRQDVWKH0JFRDWHGELRFKDUVWXG\2YHUWKHPRQWKVRIWKHVWXG\WKH
0JFRDWHGELRFKDU WUHDWPHQW WHQGHG WR UHVXOW LQ ORZHU FXPXODWLYHSKRVSKDWH
ORDGVIURPERWKRUJDQLFVRLOVWKDQWKH)HFRDWHGELRFKDUWKRXJKWKHYDOXHVZHUH


QRWVLJQLILFDQWO\GLIIHUHQW7DEOH7KHFXPXODWLYHPRQWKSKRVSKDWHORDGV
IURPWKH)HFRDWHGELRFKDUZHUHQRWVLJQLILFDQWO\GLIIHUHQWWRWKHFRQWUROVIURP
DQ\ RI WKH RUJDQLF VRLOV 7DEOH  7KLV FRQWUDVWHG WKH  \HDU FXPXODWLYH
SKRVSKDWHORDGIURPWKHRUJDQLF)HELRFKDUPHQWLRQHGDERYH0DJQHVLXP
FRDWHGELRFKDUZDVWKHRQO\ELRFKDUHYDOXDWHGLQWKHPLQHUDOVRLOV7KHHIIHFW
RQUHGXFLQJSKRVSKDWHORDGVIURPWKHVDQGZDVYHU\VPDOODQGQRWVLJQLILFDQW
7DEOH7KHODUJHUHOHDVHRISKRVSKDWHIURPWKHELRFKDUWUHDWPHQWLQWKHORDP
VRLOZDVXQH[SHFWHGDQGDVLWZDVQRWVLJQLILFDQWO\GLIIHUHQWIURPWKH
FRQWURO WKH UHVXOW VKRXOG EH LQWHUSUHWHG ZLWK FDXWLRQ 7KLV KLJK LQFUHDVH LQ
OHDFKDWH3FRQFHQWUDWLRQZDVQRWWKRXJKWWREHGXHWRUHOHDVHIURPWKHELRFKDU
LWVHOIVLQFHQRVLPLODUORVVHVRFFXUUHGIURPWKHRWKHUVRLOVVWXGLHG,QVWHDGERWK
PLQHUDOVRLOVZHUHOLNHO\VWURQJO\LQIOXHQFHGE\3VRUSWLRQGHVRUSWLRQIURPWKH
ODUJHDPRXQWRIRWKHU$O0J&DDQG)HK\GUR[LGHVSUHVHQW LQ WKHVH VRLOV
EHORZWKHFPGHSWKRIWKHELRFKDU7DEOH7KHUHIRUHWKHUHODWLYHO\VPDOO
DPRXQWRI0J20J2+VXUIDFHVLQWURGXFHGE\WKHELRFKDUZRXOGKDYHKDGD
PLQLPDOLPSDFWLQUHGXFLQJWKHSKRVSKDWHORDGFRPSDUHGZLWKWKHVRUSWLRQVLWHV
DOUHDG\SUHVHQWLQWKHPLQHUDOVRLOV
7KHLPSDFWRIVROXWLRQS+DVGLVFXVVHGDERYHLVRQHSRVVLEOHUHDVRQIRUWKH
JUHDWHUUHGXFWLRQLQSKRVSKDWHZLWKELRFKDULQWKHRUJDQLFVRLOVS+WKDQ
WKHPLQHUDOVRLOVS+7KHLQFUHDVHGSUHVHQFHRI2+LQFUHDVHVWKHQHJDWLYH
VXUIDFHFKDUJHDWKLJKHUS+DQGWKHUHIRUHLQFUHDVHVFRPSHWLWLRQZLWKSKRVSKDWH
IRU WKHVRUSWLRQVLWHV7KHRYHUDOO LPSUHVVLRQIURPWKHELRFKDUVWXGLHV LV WKDW
ELRFKDUZRUNV UHODWLYHO\ZHOO LQ WKHRUJDQLFVRLOVDOWKRXJK ORQJHUSHULRGVRI
HYDOXDWLRQ HVSHFLDOO\ IRU WKH)HFRDWHG ELRFKDU DUH UHTXLUHG WR FRQILUP WKLV
ILQGLQJ















Ta
bl
e 
6.
 S
el
ec
te
d 
so
il 
ch
em
ic
al
 p
ro
pe
rt
ie
s 
pr
es
en
te
d 
on
 a
 v
ol
um
e 
ba
si
s. 
To
ta
l p
ro
fil
e 
am
ou
nt
s 
ar
e 
pr
es
en
te
d 
ba
se
d 
on
 th
e 
vo
lu
m
e 
of
 a
n 
80
-c
m
 lo
ng
 s
oi
l f
ill
ed
 
ly
si
m
et
er
, a
dj
us
te
d 
fo
r v
ar
ia
tio
ns
 in
 b
ul
k 
de
ns
ity
. 
D (
[WU
DFW
HG
Z
LWK
+
12

E 2
[D
ODW
HH
[WU
DFW
LRQ

F $
PP
RQ
LXP
DF
HWD
WH
ODF
WDW
H
$/
H
[WU
DFW
LRQ

G (
[WU
DFW
HG
Z
LWK
1
D+
&2

6LW
H
'H
SWK
7R
W$
OD
7R
W&
DD
7R
W0
JD
7R
W)
HD
$O
R[
E
)H
R[
E
3
R[
E
3$
/F
2O
VHQ
3
G
7R
W3
D
J
FP

2U
J























2U
J























2U
J























2U
J























NJ
O\
VLP




























2U
J























2U
J























2U
J























2U
J























NJ
O\
VLP




























6D
QG























6D
QG























6D
QG























6D
QG























NJ
O\
VLP






























/R
DP


























/R
DP


























/R
DP


























/R
DP


























NJ
O\
VLP
































7KHK\SRWKHVLVRUDLPRIDVWXG\GLFWDWHVWKHSDUWLFXODUPHWKRGHPSOR\HGLQWKH
LQYHVWLJDWLRQV 7KH XVH RI RQH PHWKRG FDQQRW DQVZHU TXHVWLRQV DW GLIIHUHQW
VFDOHVDQGWKLV LV LPSRUWDQW WRUHPHPEHUZKHQSODQQLQJDQGLQWHUSUHWLQJGDWD
IURP DQ H[SHULPHQW :LWKLQ WKLV WKHVLV WKHUH ZHUH VHYHUDO GLIIHUHQW VFDOHV
ODERUDWRU\ VRLO FROXPQ DQG ILHOG O\VLPHWHU (DFK LV XVHIXO IRU FRYHULQJ D
GLIIHUHQWVXEVHWRI3OHDFKLQJFRQGLWLRQVDQGWKHUHVXOWVDUHRIWHQRQO\DSSOLFDEOH
DW WKDW VFDOH ,Q VRPH VLWXDWLRQV VLPSOLILFDWLRQV PDGH FDQ FUHDWH DUWLILFLDO
FRQGLWLRQV7KHVHOLPLWDWLRQVQHHGWREHERUQHLQPLQGZKHQLQWHUSUHWLQJUHVXOWV
IURPWKHVHGLIIHUHQWVWXGLHV
 /DERUDWRU\VFDOHVWXGLHV
0DQ\ODERUDWRU\H[SHULPHQWVDUHEDVHGRQDVHWRIVWDQGDUGVXVHGE\UHVHDUFKHUV
WRHQDEOHUHSHDWDELOLW\DQGFRPSDUDELOLW\RIUHVXOWV7KLVZDVWKHFDVHIRU WKH
ELRFKDU LQFOXGLQJ WKH EDWFK DGVRUSWLRQ VWXGLHV ZKLFKZHUH FDUULHG RXW WR D
VLPLODU VHW RI VWDQGDUGV WR DOORZ FRPSDULVRQ RI UHVXOWV ZLWK WKRVH RI RWKHU
H[SHULPHQWV 7KHVH FRQGLWLRQV DUH KLJKO\ FRQWUROOHG DQG RIWHQ RSWLPLVHG IRU
PD[LPXPDGVRUSWLRQDQGWKHUHIRUHPD\OHDGWRKLJKHUDGVRUSWLRQHVWLPDWHVWKDQ
LQILHOGH[SHULPHQWVZKLFKDUHH[SRVHGWRPDQ\RWKHUXQFRQWUROODEOHELRWLFDQG
DELRWLFIDFWRUV
2QHLQWHUHVWLQJSRLQWWKDWZDVQRWHGRQVHYHUDORFFDVLRQVZDVWKHYDULDELOLW\
LQFKHPLFDODQDO\VLVEHWZHHQELRFKDUVDPSOHVZLWKLQWKHVDPHEDWFK7KLVZDV
FOHDUO\UHODWHGWRWKHPL[WXUHRIDJULFXOWXUDOUHVLGXHVXVHGLQPDNLQJWKH(FRHUD
ELRFKDUDQGYDULDELOLW\LQWKH6NRJHQVNROIHHGVWRFN)XUWKHUPRUHWKHFRDWLQJ
RIPHWDOR[LGHVRQWKHELRFKDUVXUIDFHVDOVRSUHVHQWHGYDULDELOLW\IRUWKHELRFKDU
VDPSOHV DV VKRZQ E\ WKH XQHYHQQHVV RI WKH )H FRDWLQJ LQ )LJ 7KLVZDV
FRQILUPHG E\ VFDQQLQJ HOHFWURQ PLFURVFRS\HQHUJ\ GLVSHUVLYH VSHFWURVFRS\
6(0('6RIWKHYDULRXVELRFKDUVDPSOHVZKHUHE\GLIIHUHQWVDPSOHVLQWKH
VDPHWUHDWPHQWVKRZHGYDU\LQJUHVXOWV7KLVFDQEHDQLVVXHDWVPDOOHUVFDOHV
e.gZKHQWDNLQJDVDPSOHRIJDQDO\VLQJLWXVLQJ;UD\SRZGHUGLIIUDFWLRQ
;3'DQGVXJJHVWLQJWKLVUHVXOW LVYDOLGIRU WKHZKROHELRFKDUEDWFK7KLV LV
DOVR OLNHO\ DQ LVVXH IRU DGVRUSWLRQ FDSDFLW\ WHVWLQJZKHUH D VDPSOH RI  J
 (YDOXDWLRQRIVWXG\PHWKRGV


DFFXUDWHHVWLPDWLRQRIZKROHSURILOHWRWDO3ORDG7KLVZDVDNQRZQOLPLWDWLRQ
RIWKLVVWXG\W\SHDQGWKHUHIRUHWKHUHVXOWVZHUHQRWH[WUDSRODWHGWRJLYHDZKROH
SURILOH3ORVVDPRXQW
 /\VLPHWHUVWXG\
The use of field lysimeters was the closest reproduction of a ‘fieldlike’ situation 
SURYLGHGLQWKLVWKHVLV7KLVJDYHFORVHWRILHOGFRQGLWLRQVZLWKWKHEHQHILWRI
VWLOOFRQWUROOLQJLPSRUWDQWFOLPDWHYDULDEOHVZKHQFRPSDULQJVRLOVIURPGLIIHUHQW
ORFDWLRQV IRU3 OHDFKLQJ7KHXVHRI O\VLPHWHUVKDV LWVRZQVHWRI OLPLWDWLRQV
LQFOXGLQJSRVVLEOHGLVUXSWLRQRIPDFURSRUHVWKDWDUHQRWRQO\SUHVHQWLQDYHUWLFDO
GLUHFWLRQEXWDOVRLQPDQ\KRUL]RQWDOGLUHFWLRQVZKLFKPD\EHDUWLILFLDOO\FXW
GXULQJ O\VLPHWHU FROOHFWLRQ 7KHUH LV DOVR QR SRVVLELOLW\ IRU KRUL]RQWDO ZDWHU
PRYHPHQW RU YHUWLFDOPRYHPHQW XSZDUGV RIZDWHU IURP DZDWHUWDEOHZKLFK
RFFXUVLQILHOGVLWXDWLRQV7KLVSURFHVVLVHVSHFLDOO\LPSRUWDQWZLWKRUJDQLFVRLOV
ZKHUHZHWWLQJDQGGU\LQJF\FOHV LQ WKHILHOGDQGFDQOHDGWRDQ LQFUHDVH LQ3
OHDFKLQJGXHWRUHOHDVHRI)HERXQG3EHWZHHQWKHJURZLQJVHDVRQV
$QRWKHUOLPLWDWLRQWKDWLVQRWQRUPDOO\GLVFXVVHGZLWKO\VLPHWHUXVDJHEXW
HPHUJHG LQ WKH O\VLPHWHU VWXGLHV SUHVHQWHG LQ WKLV WKHVLV LV WKH QXPEHU RI
UHSOLFDWHVXVHGIRUHDFKWUHDWPHQW7\SLFDOSUDFWLFHE\WKH:DWHU4XDOLW\JURXS
DW 6/8 LV WR XVH WKUHH UHSOLFDWHV LQ O\VLPHWHU VWXGLHV %HUJVWU|P 	
6KLUPRKDPPDGL'MRGMLFet al.$QGHUVVRQet al.PDLQO\WR
EDODQFHWKHUHTXLUHPHQWVIRUVWDWLVWLFDODQDO\VLVDJDLQVWFRVWV7KHXVHRIWKUHH
UHSOLFDWHV LQ WKLV WKHVLVRIWHQ OHG WRQRQVLJQLILFDQW UHVXOWVPDLQO\GXH WR WKH
ODUJH YDULDWLRQ EHWZHHQ UHSOLFDWHV %\ DGGLQJ PRUH UHSOLFDWHV WKH YDULDWLRQ
ZRXOGOLNHO\GHFUHDVHSRWHQWLDOO\JLYLQJPRUHVLJQLILFDQWUHVXOWV
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
$VRQO\WZRLQWHQVLYHO\IDUPHGRUJDQLFVRLOVZHUHVWXGLHGLQWKLVWKHVLVLWLVQRW
SRVVLEOH WRGUDZFRQFOXVLRQV IRUDOO VLPLODURUJDQLF VRLOV LQ6ZHGHQDV ODUJH
YDULDELOLW\FDQEHIRXQGZLWKLQWKHVDPHILHOGOHWDORQHZLWKLQDQHQWLUHFRXQWU\
+RZHYHUGLUHFWFRPSDULVRQRIOHDFKDWHFRQFHQWUDWLRQVDQGORDGVIURPWKHIRXU
VRLOO\VLPHWHUVVXJJHVWHGWKDWWKHRUJDQLFVRLOVKDYHVXIILFLHQWO\KLJKSRWHQWLDO
WRUHOHDVH3DWFRQFHQWUDWLRQVWKDWSRVHDULVNRISROOXWLQJVXUIDFHZDWHUV
$W WKH FP VRLO FROXPQ VFDOH GHJUHH RI SKRVSKRUXV VDWXUDWLRQ '36
FRUUHODWHGZHOOZLWK 3 ORVVHV IURP WKH RUJDQLF VRLOV LQ WKH UDLQIDOO VLPXODWRU
VWXG\ +RZHYHU DV WKHUH ZHUH RQO\ WZR RUJDQLF VRLOV DQG WZR VHWV RI VRLO
DQDO\VHVIRUWKHFPO\VLPHWHUVWKLVSURYLGHGWRRVPDOODGDWDVHWWRSHUIRUPD
PHDQLQJIXO UHJUHVVLRQ DQDO\VLV RI '36 DQG 3 OHDFKDWH ORVVHV WR DVFHUWDLQ
ZKHWKHU'36LVDJRRGPHWKRGIRUSUHGLFWLQJ3OHDFKLQJORVVHVDWDODUJHUVFDOH
LQRUJDQLFVRLOV
$VRIWHQ IRXQG LQPLQHUDO VRLOV WKHRFFXUUHQFHRISUHIHUHQWLDOZDWHU IORZ
WKURXJKWKHVRLOKDVDODUJHLPSDFWRQWKHDPRXQWRI3UHDFKLQJVXUIDFHZDWHUV
7KLVE\SDVVLQJRILPSRUWDQW3VRUSWLRQVLWHVFDQLQFUHDVHWKHULVNRI3ORVVHVDV
VHHQLQWKLVWKHVLV+RZHYHUSUHIHUHQWLDOIORZFDQDOVRSRWHQWLDOO\UHGXFHORVVHV
E\ UHGXFLQJ FRQWDFW ZLWK WKH VRLOPDWUL[ ZKHUH 3 LV ORFDWHG DQG SRWHQWLDOO\
GHVRUEHG$OWKRXJKQRWVSHFLILFDOO\LQYHVWLJDWHGLQWKLVWKHVLVWKHSUHVHQFHRI
KLJK 3 ORVVHV HYHQ ZLWK D ORZ VXEVRLO '36 VXJJHVWV WKDW SUHIHUHQWLDO IORZ
LQFUHDVHG3ORVVHVJUHDWO\LQDWOHDVWRUJDQLF7KLVQHHGVWREHFRQVLGHUHGZKHQ
LGHQWLI\LQJDQ\SRWHQWLDO3OHDFKLQJLQGH[IRUWKHVHRUJDQLFVRLOV
,PSRUWDQWLQIRUPDWLRQUHJDUGLQJ3VRUSWLRQGHVRUSWLRQEHWZHHQWKHVWDUWDQG
WKHHQGRIWKHVXEVXUIDFHGUDLQDJHV\VWHPXVHGLQRUJDQLFVRLOVLVVWLOOPLVVLQJ
DQG FRXOG KHOS XQGHUVWDQG3 ORVVHV IURP WKLV V\VWHP7KH LPSRUWDQFH RI WKH
FRPSOH[FKHPLFDOLQWHUDFWLRQRISKRVSKDWHZLWK)HXQGHUWKHUHGR[FRQGLWLRQV
WKDW RFFXU LQ WKH GUDLQDJH V\VWHP VHUYLQJ RUJDQLF DUDEOH VRLOV WKURXJKRXW D
W\SLFDOIDUPLQJVHDVRQZDVQRWH[DPLQHGLQWKLVWKHVLVDQGSRWHQWLDOO\UHTXLUHV
IXUWKHUILHOGVFDOHLQYHVWLJDWLRQ

 &RQFOXVLRQVUHFRPPHQGDWLRQVDQG
IXWXUHZRUN


$OWKRXJKEH\RQGWKHLPPHGLDWHVFRSHRIWKHUHVHDUFKSUHVHQWHGLQWKLVWKHVLV
LW FDQ EH VSHFXODWHG WKDW WKH SUHGLFWHG LQFUHDVH LQ UDLQIDOO LQWHQVLW\ DQG WKH
IUHTXHQF\RIUDLQIDOOHYHQWVLQWKHQHDUIXWXUHDVDUHVXOWRIFOLPDWHFKDQJHKDV
WKHSRWHQWLDOWRLQFUHDVH3ORVVHVIURPRUJDQLFVRLOV2[LGDWLRQRIRUJDQLFVRLOV
WKHUHE\UHGXFLQJ WKHDFWXDOVRLOGHSWKFRPELQHGZLWKD UHGXFWLRQ LQVRUSWLRQ
VLWHVGXHWR'2&$O3RU'2&)H3EHLQJOHDFKHGPD\DOVRFDXVHDQLQFUHDVH
LQ3OHDFKLQJLQWKHIXWXUHLI3IHUWLOLVHUVDUHFRQWLQXDOO\DGGHGHVSHFLDOO\DWUDWHV
DERYHSODQWUHTXLUHPHQWV
7KHXVHRIPHWDOR[LGHFRDWHGELRFKDUDVDPLWLJDWLRQVWUDWHJ\KDVSRWHQWLDO
EXWVWLOOUHTXLUHVUHILQHPHQW7KHSURGXFWLRQFRVWRIPHWDOR[LGHFRDWHGELRFKDU
QHHGVWREHLQYHVWLJDWHGE\FRPSDULQJERWKWKHHIIHFWLYHQHVVDQGHIILFLHQF\RI
3 UHPRYDOZLWK WKDW RI RWKHU SURGXFWV ,Q WKLV WKHVLV XVH RI )H DV D FRDWLQJ
PDWHULDODSSHDUHGWREHYHU\LQHIILFLHQWDVLQGLFDWHGE\SRRU)H3UDWLRV7KH
HIILFLHQF\IDFWRULVHFRQRPLFDOO\LPSRUWDQWWRDVFHUWDLQIRUSURGXFWLRQDWODUJHU
VFDOHZKHUHaWELRFKDUKDPD\SRWHQWLDOO\EHUHTXLUHG
3DSHU , LGHQWLILHG WKDW PRVW 3 ORVVHV FDPH IURP WKH WRSVRLO +RZHYHU
SODFHPHQWRIELRFKDUXQGHU WKH WRSVRLOZDVQRWHIIHFWLYH LQUHGXFLQJ3ORVVHV
IURPWKHWZRPLQHUDOVRLOVVWXGLHG7KLVZDVOLNHO\GXHDGVRUSWLRQE\ELRFKDURI
3 OHDFKHG IURP WKH WRSVRLO EHLQJRXWZHLJKHG E\ GHVRUSWLRQ RI 3 IURP ODUJHU
TXDQWLWLHV RI )H DQG $O K\GUR[LGHV LQ WKH VXEVRLO VXJJHVWLQJ WKH QHHG IRU
IXUWKHUUHILQHPHQWRIGHSWKRIWKHELRFKDUOD\HU
8VH RI ELRFKDU DV D EODQNHW SODFHPHQW XQGHU WKH WRSVRLO PD\ DOVR EH
HFRQRPLFDOO\XQIHDVLEOH%DFNILOOLQJGUDLQDJHWUHQFKHVZLWKELRFKDURUGLUHFWLQJ
GUDLQDJHIORZWKURXJKUHSODFHDEOHVDFNVILOOHGZLWKELRFKDUDUHSRWHQWLDORSWLRQV
WKDW FRXOG EH LQYHVWLJDWHG LQ WKH IXWXUH )XUWKHUPRUH RQFH WKH 3 DGVRUSWLRQ
FDSDFLW\ RI WKH ELRFKDU LV VDWXUDWHG UHF\FOLQJ WKH ELRFKDU DV D SRWHQWLDO
IHUWLOLVHUVRLOFRQGLWLRQHULVDIXWXUHSRVVLELOLW\ZRUWKH[SORULQJ
7KH0JFRDWLQJIRUELRFKDUXVHGIRUDQDO\VLVDQGDGVRUSWLRQFDSDFLW\WHVWLQJ
LQWKHODERUDWRU\VWXGLHVUHSRUWHGLQWKLVWKHVLVZDV0J2+EUXFLWHDVWKLV
ZDVH[SRVHGWRPRLVWXUHDQGORZWHPSHUDWXUH+RZHYHUWKHELRFKDUDSSOLHGLQ
WKHO\VLPHWHUVZDVQRWEUXFLWHEXW0J2SHULFODVH,WZRXOGEHLQWHUHVWLQJWR
WHVWWKHODWWHUELRFKDUWRVHHZKHWKHULQIDFWLWZDVVWLOOSHULFODVHDWWKHHQGRIWKH
O\VLPHWHUVWXG\RUZKHWKHULWKDGK\GUDWHGWREUXFLWHGXULQJWKHVWXG\SHULRG
DQGZKHWKHUWKLVZDVLPSRUWDQWIRUWKHHIIHFWLYHQHVVRIWKHELRFKDU








7KHILQDOTXHVWLRQLVSUREDEO\WKHPRVWGLIILFXOWEXWDOVRWKHPRVWUHOHYDQWIRU
RUJDQLFVRLOVQDPHO\ZKDWWRGRZLWKLQWHQVLYHO\PDQDJHGRUJDQLFVRLOVLQWKH
IXWXUH5HWXUQLQJWKHPWRWKHLUQDWXUDOZDWHUORJJHGFRQGLWLRQVE\IORRGLQJWKHP
ZRXOG UHGXFHFDUERQGLR[LGH ORVVHVEXWDW WKHFRVWRID ODUJHIOXVKRI3DQG
SRWHQWLDOVHDVRQDOF\FOLQJRI3ORVVHVLIWKHZDWHUEHFRPHVDQDHURELFDQGWKHQ
DHURELF $OWHUQDWLYHO\ SXPSLQJ GUDLQDJHZDWHU IURP WKHVH ILHOGV \HDU URXQG
ZRXOGUHGXFHWKHOLNHOLKRRGRIUHGXFWLYHGLVVROXWLRQRI)HERXQG3EXWDWWKH
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DQDHURELFDOO\GLJHVWHGVXJDUEHHWWDLOLQJV&KDUDFWHUL]DWLRQDQG
SKRVSKDWHUHPRYDOSRWHQWLDOBioresource Technology–

<DR<*DR%,Q\DQJ0=LPPHUPDQ$QGUHZ5&DR;
3XOODPPDQDSSDOOLO3DQG<DQJ/E5HPRYDORISKRVSKDWH
IURPDTXHRXVVROXWLRQE\ELRFKDUGHULYHGIURPDQDHURELFDOO\GLJHVWHG
VXJDUEHHWWDLOLQJVJournal of Hazardous Materials–
<DR<*DR%=KDQJ0,Q\DQJ0DQG=LPPHUPDQ$5(IIHFW
RIELRFKDUDPHQGPHQWRQVRUSWLRQDQGOHDFKLQJRIQLWUDWHDPPRQLXP
DQGSKRVSKDWHLQDVDQG\VRLOChemosphere–
=DN'*HOEUHFKW-DQG6WHLQEHUJ&(:3KRVSKRUXVUHWHQWLRQDW
WKHUHGR[LQWHUIDFHRISHDWODQGVDGMDFHQWWRVXUIDFHZDWHUVLQQRUWKHDVW
*HUPDQ\Biogeochemistry–


YDQGHU=HH6(DQGYDQ5LHPVGLMN:+0RGHOIRUORQJWHUP
SKRVSKDWHUHDFWLRQNLQHWLFVLQVRLOJournal of Environmental Quality
–
=KDQJ0*DR%<DR<;XH<DQG,Q\DQJ06\QWKHVLVRI
SRURXV0J2ELRFKDUQDQRFRPSRVLWHVIRUUHPRYDORISKRVSKDWHDQG
QLWUDWHIURPDTXHRXVVROXWLRQVChemical Engineering Journal
–
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
Even though it’s just my name on the front cover, there were by far, many 
PRUHSHRSOHLQYROYHGLQJHWWLQJWKLVSURMHFWWKLVWKHVLVDQGWKLVSHUVRQWRWKH
ILQLVKLQJOLQH

6XSHUYLVRUV
0\PDLQVXSHUYLVRU/DUV%HUJVWU|P,ZDQWWRWKDQN\RXLPPHQVHO\IRUDOO
\RXUKHOSWKURXJKRXWWKHODVW\HDUV,QWURGXFLQJPHWRQHZFRQWDFWVSURRI
UHDGLQJFKDWVDQGJHQHUDODGYLFHKDYHDOOEHHQDSSUHFLDWHG,KRSH\RXUODVW
3K'VWXGHQWKDVEHHQPRUHPHPRUDEOHWKDQXQIRUJHWWDEOH
Helena Aronsson, even though I didn’t make use of your knowledge and 
H[SHUWLVHDVPXFKDV,VKRXOGKDYHLWZDVDOZD\VUHDVVXULQJWRNQRZ\RXZHUH
ULJKWQH[WGRRUIRUDQ\SUREOHP,KDGDOZD\VZLWKDZHOFRPLQJVPLOH7KDQN
\RX
+DUDOG&HGHUOXQGZKDWFDQ,VD\\RXLQWURGXFHGPHWRWKHGDUNVLGH7KH
black and dirty biochar dark side, and I’m so glad you did! Your open door 
SROLF\KDSS\VPLOHDQGZLOOLQJQHVVWRUHDGWKURXJKP\SDJHVDQGSDJHVRIWH[W
ZLWKRXWFRPSODLQWPDGHWKLVMRXUQH\PXFKPRUHSOHDVDQWIRUPH,KRSHWKH
ELRFKDUGXVWQHYHUVHWWOHV
Leo Condron, a fellow ‘kiwi’ supervisor amongst all the Swedes! Thank 
\RXIRUEHLQJWKHUHWRUHDGP\PDQXVFULSWVZKHQQHHGHGKDYLQJHQWHUWDLQLQJ
chats when we’ve met and being on call for anyWULFN\TXHVWLRQV,KDG,ORRN
IRUZDUGWRFDWFKLQJXSZLWK\RXLQ1=
+ROJHU.LUFKPDQQWKDQN\RXIRU\RXHQWKXVLDVWLFLQYROYHPHQWLQP\3K'
SURMHFWDOZD\VZLWKDQRSHQGRRUDQGKDSS\WRH[SODLQDQ\WKLQJQRWIXOO\
XQGHUVWRRG<RXUVPLOHVFKDWVDQGODXJKWHUDWP\MRNHVZLOODOZD\VEH
UHPHPEHUHG

&ROOHDJXHV
$VSHFLDOWKDQNVWR)UDQN6FKPLHGHUP\SDUWQHULQWKLVRUJDQLFVRLO3K'
MRXUQH\. There’s not many PhD students that get to share the highlights, 
ORZOLJKWVIUXVWUDWLRQVDQGEUHDNWKURXJKVWRJHWKHUZRUNLQJRQWKHVDPH
$FNQRZOHGJHPHQWV


SURMHFW7KHKRXUVVSHQWGLJJLQJLQWKHILHOGDQGGLVFXVVLRQVLQWKHRIILFHKDYH
EHHQIXQDQGUHZDUGLQJ7KDQNVPDWH
7RWKHODQGRZQHUV,ZDVIRUWXQDWHWRPHHWDQGGULOOELJKROHVLQWKHLU
SDGGRFNV+nNDQ:DKOVWHGW3HU(ULN.DUOVVRQDQG1LOV(ULN2KOVVRQIRU
PDNLQJWKLV3K'SURMHFWSRVVLEOHHWWVWRUWWDFN
All the technical help I’ve had over the years with lysimeters and the 
O\VLPHWHUVWDWLRQ,ZDQWWRWKDQN0DULD%ORPEHUJ*XQQDU7RUVWHQVVRQDQG
*|UDQ-RKDQVVRQwho I’m sure isVWLOOEXV\GULOOLQJO\VLPHWHUVIRUWKHELJJX\
LQWKHVN\$OVRWKDQNVWR7RPDV5HLODQGHUDQG$QGHUV5LQJPDUIURP5,6(
IRUWKHLUO\VLPHWHUWHFKQLFDOKHOS7KDQNVDVZHOOWR'DYLG$QGHUVVRQIURP
(FRHUDIRUKLVKHOSDQGIRUDOOWKHELRFKDUVXSSOLHG
7RWKHVWDIIRIERWKWKHVRLODQGZDWHUODEVIRUWKHPDVVHVRIVRLOZDWHUDQG
ELRFKDUVDPSOHV\RXKDYHDQDO\VHGRYHUWKH\HDUV7KDQN\RXERWKSDVWDQG
SUHVHQWVWDIIRIWKHZDWHUODE6WHIDQ(NEHUJ&KULVWLDQ'HPDQGW.DULQ
:DOOPDQ0LUVDGD.XOHQRYLFDQGWKHVRLOODEFUHZ,QJHU-XUHPDOP)DULG-DQ
$QD0LQJRWDQGVWDII
7KDQNVWRERWK5DJQDU3HUVVRQDQG+nNDQ.DUOVVRQIRUNHHSLQJP\
FRPSXWHULQWLSWRSVKDSHDQGEHLQJRQFDOOIRUDQ\WHFKQLFDOUHODWHGLVVXHV
\RXJX\VDUHWUXO\WKHEHKLQGWKHVFHQHVKHURHV
7RWKHDGPLQLVWUDWLRQVWDIIZKRKDYHKHOSHGPHHQGOHVVWLPHVZLWKP\
PDQ\DQGUHSHWLWLYHTXHVWLRQVUHVHUlNQLQJDU,QJ0DULH%ULQJKROP-RVHILQH
$JUHOODQGcVD%URUVVRQWKDQN\RXIRU\RXUKHOSRYHUWKH\HDUV
7KDQN\RXWR(OLVDEHW%|UMHVVRQDQG5REHUW$OPTYLVWIRUDOOWKHELRFKDU
ODERUDWRU\ZRUN&ODXGLD9RQ%U|PVHQIRUKHUHQGOHVVSDWLHQFHZLWKP\
VWDWLVWLFVTXHVWLRQVDQG5VFULSWVDQGWR0DU\0F$IHHZKRKDVWUDQVIRUPHG
P\ZULWWHQJLEEHULVKLQWRXQGHUVWDQGDEOH(QJOLVK
7KDQNVWR'DQLHO/XQGEHUJIRU\RXUFKHPLVWU\DQG;3'KHOSDQG
FRPPHQWLQJRQP\PDQXVFULSWV*XODLP6HLVHQEDHYDIRUDOOKHU6(0WLPHDQG
9DGLP.HVVOHUIRUUXQQLQJ;3'DQDO\VLVIRUPH
2QHRIWKHPDQ\EHQHILWVRIEHLQJDWDXQLYHUVLW\LVWKHZHDOWKRI
NQRZOHGJHDYDLODEOHWRDQVZHUMXVWDERXWDQ\TXHVWLRQDQGWKHZLOOLQJQHVVRI
UHVHDUFKHUVWRGRMXVWWKDW-RKQ.RHVWHO.DULQ%ORPElFN.ULVWLQD
0nUWHQVVRQ$QGHUV/LQGVM|.ULVWLDQ3HUVVRQ0DJQXV6LPRQVVRQ-RQ3HWWHU
*XVWDIVVRQ-DQ(ULNVVRQ0DWV/DUVER1LFN-DUYLV/RYLVD6WMHUQPDQ
)RUVEHUJ$UDUVR(WDQD.HUVWLQ%HUJOXQGgUMDQ%HUJOXQG)DUXN'MRGMLF\RX
KDYHDOOEHHQDSDUWLQJHWWLQJWKLVWKHVLVILQLVKHG
7KHIULHQGO\IDFHVWKDWWRRNWKHWLPHIRUDFKDWDQGHQTXLUHRQWKHOHYHORI
P\VDQLW\+nNDQ0DUVWRUS$EUDKDP-RHO$QNH+HUUPDQQ0DJGDOHQD
%LHUR]D*XQQHO$OYHQlV(OVH&RXFKHQH\.DWDULQD.\OOPDU0DWV/LQGH
6WHIDQ$QGHUVVRQDQG7LQR&RORPELWKDQNV



7RWKHJDQJRILQQHEDQG\SOD\HUVZKRWXUQXSUHOLJLRXVO\RQ)ULGD\VWR
play such intense, but friendly games, it’s a great way to geWULGRIWKDWHQHUJ\
DQGIUXVWUDWLRQEXLOWXSGXULQJWKHZHHNDQG,DPWUXO\WKDQNIXOWREHSDUWRILW
(when I haven’t injured my knee or back or hip or leg or arm or…..)
,ZRXOGOLNHWRWKDQNP\IHOORZ3K'VWXGHQWVERWKSDVWDQGSUHVHQWIRU
\RXUKHOSIXOGLVFXVVLRQVDGYLFHFKDWVDQGODXJKWHU$QQLND6YDQElFN.DULQ
6WHIIHQV3LD*HUDQPD\HKZKDWHPSW\PXJ"-LDQ/LX0DVXG3DUYDJH
0DUWLQ5DSSH*HRUJH+HOHQD/LQHIXU.DULQ+DPQpU$QD9LOOD6ROLV/LVEHW
1RUEHUJ6DELQH-RUGDQ0DULD6DQGLQ.DWH5\FKHO*L]D7DUHNHJQ*HWDKXQ
Sabina Braun, Åsa Löv, Emma Lannergård, and Oskar Agstam, it’s been a 
EODVW
7RWKHSDVWDQGSUHVHQWFROOHDJXHVZKRVKDUHGDQRIILFHZLWKPH-RKQ
.RHVWHO3HWHU/DUVVRQ-XOLHQ0RH\VDQGQRZ-HOHQD5DNRYLFWKDQN\RXIRU
SXWWLQJXSZLWKP\FRQVWDQWLQWHUUXSWLRQVDQGUDQGRPTXHVWLRQVLW’VEHHQJRRG
IXQDQGRFFDVLRQDOO\SURGXFWLYH

)ULHQGV
7KDQNVWRP\JRRGIULHQGVLQ1=5LWFKLH&KDUOLH.LHUDQDQG-DPHVIRU
EHLQJWKHUHWRSLFNXSZKHUHZHODVWOHIWRII,Q6ZHGHQ,GDDQG/XGYLJIRUWKH
PDQ\JUHDWGLQQHUVFRQYHUVDWLRQDQGOLVWHQLQJHDUV6LODVDQG0DOLQIRUWKH
BBQ’s, chats and laughs; Steffi and Norbert, for the lördags godis runs, actual 
UXQVPLGVXPPHUVKROLGD\VIHQFHEXLOGLQJDQGNLQGKHDUWVVSDQN\RXU
hairy….

)DPLO\
%HOODDQG6DZ\HUDOZD\VKDSS\WRPHHW\RXDWWKHGRRU7KHEHVWGRJV
DQ\RQHFRXOGZLVKIRU0LVV\RXERWK
*XQQDUDQG%DUEWKDQNVIRUEHLQJWKHUHRYHUWKH\HDUVWKHORYHO\PHDOV
DQGSUDFWLFDOKHOSZDVUHDOO\DSSUHFLDWHG
0\SDUHQWV/HVDQG6DQGUDIRUWKHIUHHGRPWRGRZKDW,ZDQWHGWKH
JXLGDQFHWRKHOSPHDORQJWKHZD\DQGWKHSUDFWLFDONQRZKRZWRJHWLWGRQH
WKDQN\RX
0\IDQWDVWLFZLIH\ZLWKRXW\RXUVXSSRUWFDUHKHOSZLVGRPDQGHQHUJ\,
wouldn’t be half the person I am today. ÄlskaUGLJ
)LQDOO\P\WKUHHZRQGHUIXOGDXJKWHUV0LD(OOLHDQG6DQQD7KDQN\RXIRU
being you, don’t ever change.




